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ABSTRACT
This dissertation introduces the Louisiana State University Calibration Chamber 
System (LSU/CALCHAS) for calibrating electronic cone penetrometers and other 
in situ testing equipment. It permits the simulation of the K„ consolidation and the 
four (4) traditional boundary conditions commonly referred in the literature. The 
calibration chamber system encompasses a 304 stainless steel cylindrical calibration 
chamber which can house a soil sample .55 m (20 21/32 in.) in diameter and .79 m 
(31 1/16 in.) in height. A fully computerized control panel, a data acquisition and 
reduction system, a large dimension automatic tamper for preparing compacted soil 
samples, and accessories comprise the complete system. Compacted soil samples can 
presently be prepared in the LSU/CALCHAS, but capability for testing pluviated 
sand and preconsolidated clay samples are also available.
In addition, the dissertation includes a preliminary test program to calibrate 
in the LSU/CALCHAS the 1.27 cm2 Fugro-McClelland miniature electronic cone 
penetrometer (MQSC). This cone is expected to be used in engineering design and 
construction control of transportation facilities in the State of Louisiana, U.S. A. The 
laboratory verification phase of the research involved the compaction of a mixture 
of 80% of fine sand and 20% of kaolinite by weight, K„ consolidation of the soil 
sample at 210 kPa (30 psi), and penetration of the sample via the MQSC at the 
penetration rate of 2 cm/sec. under boundary conditions 1 and 3.
xxi
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A sister field study is presented in order to examine the scale effect topic 
when comparing sounding data obtained with the standard 10 cm2 (reference) Fugro 
electronic friction cone penetrometer versus the MQSC and the 15 cm2 Fugro 
electronic friction cone penetrometer. Five (5) representative sites in the State of 
Louisiana were selected for the field testing program, encompassing the range of 
sandy, silty and clayey soils. Compacted embankments and natural grade soils were 
investigated. Sounding 10 m deep were performed in two (2) highway embankments 
and three (3) natural ground sites. The statistical evaluation of the field testing 
program data and the corrective measures recommended for their proper cross­
correlation are presented.
xxii
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CHAPTER 1
INTRODUCTION
1.1. Objectives of the Investigation
The objectives of this investigation are to introduce, evaluate the field 
applicability, and proceed to a preliminary laboratory test program regarded as the 
basis for the calibration of an in situ testing equipment hereafter referred to as the 
"Miniature Quasi-Static Cone Penetrometer (MQSC)". The MQSC is a 1.27 cm2 
cross-section cone penetrometer directed to road and highway engineering 
applications in the State of Louisiana, such as classification of natural grade soils 
and determination of engineering properties of compacted embankments. Concisely, 
the purpose of this project can be stated as follows:
1
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(1) To perform a field testing program in order to evaluate the performance 
of the MQSC when compared with the performance of the reference 10 cm2 cross- 
section cone penetrometer. The soils involved in the field test program embrace the 
range of natural grade soils and compacted embankments. The evaluation of 
performance of a 15 cm2 cross-section Fugro friction cone penetrometer which has 
been accepted by the geotechnical community during the last decade when compared 
with the reference cone is also accomplished in this field testing program;
(2) To perform a preliminary laboratory test program on a selected type of 
soil (i.e. artificial mixture of clay, silt and sand) in order to establish the basis for 
developing correlations between cone penetration resistance and soil parameters of 
interest to the construction control of embankments, such as: maximum density 
('Tdm»x) and California Bearing Ratio (CBR). This initial laboratory test program 
encompasses the following steps:
(2.1) To develop a reliable, task-specific laboratory apparatus, a flexible 
wall calibration chamber, suitable for allowing calibration of the MQSC in different 
types of soils. These types of soils comprise the range of field soils that are under 
the scope of applicability of the quasi-static cone penetration test, i.e. sand, silt, clay 
and combination thereof, as usually reported in geotechnical engineering;
(22) To perform an introductory laboratory test program with a selected 
soil, using the apparatus introduced in item (2.1) to measure the MQSC’s cone
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
penetration resistance (i.e., cone resistance and local side friction resistance) in 
samples "compacted" at the standard Proctor compaction effort, consolidated at the 
vertical stress level of 210 kPa (30 psi), and tested under the calibration chamber 
boundary conditions 1 and 3, which are universally accepted for calibration chamber 
investigations. Specifics of these boundary conditions are further detailed in 
Sections 23  and 2.5.
(3) To project possible extensions of the work undertaken in this study for 
future investigations.
12. Scope
This research introduces, evaluates the field applicability, and initiates a 
preliminary laboratory testing program to calibrate a miniature electric cone 
penetrometer, the MQSC, to be used in the design and construction control of roads 
and highways in the State of Louisiana. The innovative aspects of this research are, 
as follows:
(1) Introduction of an in situ testing apparatus , the MQSC, for routine road 
design and construction control;
(2) Development of a versatile field testing program to analyze and evaluate
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
the topic of scale effects between the MQSC, and the Fugro 15 cm2 cross-section 
cone, and the reference cone penetrometer;
(3) Development of a fully computerized flexible wall calibration chamber 
system, hereafter referred to as "The Louisiana State University Calibration Chamber 
System - LSU/CALCHAS". This task involved fabrication and implementation of 
a flexible wall calibration chamber, design and construction of a control panel for 
the calibration chamber, and the development of computer software capable of 
simulating the traditional calibration chamber boundary conditions commonly 
referred in the literature (i.e. BC1, BC2, BC3, BC4);
(4) Implementation of compacted sample preparation techniques. This task 
encompassed the development and fabrication of an automatic tamper of large 
dimensions for preparation of soil samples to be tested in the LSU/CALCHAS. 
This equipment enables the simulation of the compaction efforts commonly utilized 
in construction of transportation facilities.
The purpose of the field testing program was to analyze the performance of 
the 1.27 and 15 cm2 cross-section cones in comparison with the performance of the' 
reference cone penetrometer. Natural grade soils and compacted embankments of 
roads and highways in the State of Louisiana were investigated in this program of 
study. The entire spectrum of soil deposits in the State of Louisiana could not 
conceivably be encompassed as a potential population for sampling purposes. The
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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site-specific spatial soil variability of the natural grade soils and compacted 
embankments also brought uncertainties to the problem of defining an optimal 
sample size. It is therefore not the intention of this research to develop a statistical 
procedure for sampling, a task which by itself would portray as a complex 
investigation topic. Consequently, engineering judgement was applied to the 
selection of soils from sites of natural grade and compacted embankments that could 
be viewed as representative of materials commonly encountered in transportation 
engineering in the State of Louisiana.
The laboratory test program of this research provided the physical basis, i.e. 
the LSU/CALCHAS, for the potential development of correlations between cone 
penetration resistance and soil parameters of interest to road engineering. Cone and 
local side friction resistances are expected to be related to factors affecting the 
compaction characteristics of soils, such as: soil type, water content, compaction 
effort, and lift thickness. However, the time frame available for this research does 
not permit to analyze the effect of each and everyone of these parameters on cone 
penetration resistance. Therefore, these topics are left out of the scope of this 
investigation.
L3. Organization of the Dissertation
In order to meet the objectives previously stated, Chapter 2 of this
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
dissertation presents an extensive literature review regarding aspects of electronic 
cone penetrometers, cone penetration testing/interpretation, calibration chamber 
testing/interpretation, principles of capillarity in soils, and statistical techniques 
historically applied to the analysis of geotechnical data. Chapter 3 describes the 
field testing program, displays the field test results and the related discussions. 
Chapter 4 delineates the laboratory testing program, depicts in detail the 
LSU/CALCHAS and the automatic tamper developed for this research, presents 
laboratory test data and provides pertinent discussion of the data. Chapter 5 
summarizes the results/accomplishments of this research and recommendations for 
further research. Finally, Chapter 6 embodies the conclusions of this investigation. 
For clarity, tables and figures related to the chapters of this dissertation are 
presented at the end of respective chapters. It was opted to present cone 
penetration resistance in kg/cm2 in the field and laboratory testing program of this 
dissertation. These are the units commonly used in the LSU’s Research Vehicle 
for Geotechnical In Situ Testing and Support (REVEGITS) cone penetrometer 
sounding output.




There is no standard procedure to classify and determine the engineering 
properties of subgrade soils in road engineering. However, it is generally accepted 
that any method should supply enough information to define the geotechnical 
characteristics and the boundaries of each significant soil layer. Tests for 
determining the required soil parameters in road engineering may be divided into 
three groups:
(1) The first group refers to tests such as plate bearing, triaxial and 
oedometer to define the bearing capacity and consolidation characteristics of soils
7
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supporting roadway foundations. They can be conducted insitu or in laboratory on 
the so called "undisturbed samples". However, their application in road engineering 
is restricted to bridge-foundation problems and special studies.
(2) The second group includes the procedures to classify, characterize and 
determine the traficcability of disturbed samples in laboratory. They usually 
encompass grain size analyses, sand-equivalence, Atterberg limits, Proctor 
compaction test and California Bearing Ratio (CBR).
(3) The third group contains the procedures for construction control, involving 
in situ determination of density, moisture content and field CBR.
Although laboratory tests are the most commonly used procedures in road 
engineering, in situ tests are frequently considered to be more economical, expedient, 
reliable and repeatable. It would be advisable to expand the field of application of 
in situ tests in road engineering, and undoubtedly it might be valuable to introduce 
an in situ testing device for site characterization of natural grade soils and 
construction control of embankments.
The geotechnical field of application of various in situ tests as lately 
summarized by Jamiolkowski et al. (1985) is depicted in Table 1.1. It is possible to 
infer that only the cone penetration test (CPT), in its different versions, has high 
applicability for continuous soil profiling and identification. It is also referred in the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
9
literature that the use of CPT would be advisable for judging compaction 
characteristics of embankments (Schmertmann, 1975; ISSMFE, 1988; and Mlynarek 
et al., 1988).
The literature review addresses topics related to the cone penetration test, 
calibration chamber studies, behavior of partially saturated soils, and statistical 
analyses of geotechnical data. This review seeks to provide the general framework 
for the present research topic which specifically deals with scale effect on CPT, 
preparation and testing of partially saturated compacted soil samples in large 
calibration chambers, and the pertinent statistical analysis of the testing data.
2 2. The Cone Penetration Test
The CPT is usually carried out by using three types of cone penetrometers: 
the dynamic, the static or mechanic and the quasi-static or electronic cone 
penetrometers. The range of application of the CPT as a function of soil strength 
is delineated in Figure 1 (Tumay, 1987). It emerges that the dynamic mode applies 
to the study of soils exhibiting medium to high strength; the static and quasi-static 
modes relates to the investigation of soft to high strength soils.
The use of light dynamic cone penetrometers (DCP) to design and 
construction of roads is extensively reported in the literature (Scala, 1956; Van
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Vuuren, 1969; Kleyn, 1975; Kindermans, 1976; Kleyn et al., 1982; De Henau 1982; 
Rohm, 1984; Chua, 1988; Kleyn and Van Zyl, 1988; Livneh and Ishai, 1988; and 
Smith, 1988). However, at the actual state-of-the-art, reliability of DCP’s test"... has 
to be improved, compared with static cone penetration testing" (Stefanoff et al., 
1988), and DCP’s test results still "... cannot be readily and accurately used for 
quantitative analysis of soil properties" (Tumay, 1987).
The upper range of application of the static and quasi-static modes is 
governed by the fact that high thrust loads are required to penetrate soils of high 
strength. In general, high load capacity and relatively heavy field CPT based systems 
have to be used for testing soil conditions. The mobility of these systems on the 
natural ground is problematic under moderate to severe field conditions, thus 
limiting their field application. Considering road engineering applications in the 
State of Louisiana, and regarding that the required load system to penetrate the soil 
mass is a direct function of the cone penetrometer dimensions, it is patent that a 
small size cone penetrometer could expand the field application of the static and 
quasi-static modes.
The reference electronic cone penetrometer has a 10 cm2 cone tip (35.7 mm 
in diameter) with an apex angle of 60 °. The friction sleeve, located above the 
conical tip, has a surface area of 150 cm2. These are the general accepted standards 
in Europe (ISSMFE, 1977), and in the United States (ASTM, 1979), and are 
reported in a suggested international test procedure (ISSMFE, 1988). On the other
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hand, many of the small size cone penetrometers used for research purposes exhibit 
diameters between 10 to 25 mm, friction sleeve length between 50 to 100 mm, apex 
angle of 30° or 60°. The cone and local side friction resistances are measured 
externally or internally to the cone penetrometer by means of load cells or similar 
mechanisms (Melzer, K. J., 1974; Rohani and Baladi, 1981; Parkin and Lune, 1982; 
Miura et al., 1984; Almeida and Parry, 1985; Bellotti et al., 1985; Rad and Tumay, 
1986; Sweeney, 1987; Eid, 1987; Canou et al., 1988; Peterson, 1988). Guidelines for 
CPT practice is available in Schmertmann (1978b), Robertson and Campanella 
(1984), and ISSMFE (1988).
For saturated soils, it is generally assumed that cone penetration test at the 
standard rate of 2 cm/sec functions under drained condition for sands, and under 
undrained conditions for clays. In silts and clayey silt soils it is expected that a 
dependence would exist between cone resistance and penetration rate. Campanella 
and Robertson (1983) have shown that penetration is "...undrained down a 
penetration speed of about 0.2 cm/s..." for a clayey silt deltaic soil with 70% of silt, 
20% of clay and 10% of sand fractions. Konrad et al. (1985) also concluded that 
cone resistance, local side friction resistance and pore pressure response are 
dependent on penetration rate when testing in deltaic clayey silts of low plasticity.'
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23. Calibration Chambers
Calibration chambers came into the picture of cone penetration test almost 
two decades ago. Reasons behind the use of such a calibration device can be stated 
as follows:
(1) The crescent application of cone penetrometers in geotechnical 
engineering revealed the necessity of developing a testing device and a procedure 
to calibrate them under controlled boundary conditions, avoiding the unknown 
factors common to field calibration;
(2) Cone penetration data can give direct evaluation of bearing capacity 
(Nottinghan, 1975; Vesic, 1977; Schmertmann, 1978b; Tumay and Fakhroo, 1981), 
but its conversion into basic soil properties such as friction angle and deformation 
modulus requires calibration under strictly controlled boundary conditions.
Calibration chambers which permit the separation of the effects of increased 
effective stress level and increased density were introduced by Holden (1971). In 
general, two types of calibration chambers are used for this purpose: rigid and 
flexible wall.
A rigid wall calibration chamber imposes a boundary condition of zero lateral 
strain on the specimen under testing. However, in order to give cone penetration
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resistance without the influence of chamber size, a chamber of considerable 
dimensions is required, and a diameter ratio (i.e., calibration chamber
diameter/cone diameter) of 200 is referred in the literature (Holden, 1971; 
Chapman, 1974). The same authors concluded that a smaller calibration chamber 
could be used and still give cone resistance that would be compatible with field 
measurements if the flexible wall option was adopted.
The design of a flexible wall calibration chamber permits accurate control and 
measurement of the vertical and horizontal stresses and strains. In general, four 
boundary conditions can be simulated in calibration chamber testing (Bellotti et al., 
1985):
BC1: a v = constant a h = constant 
BC2: 6 tf = e h = 0 
BC3: a v = constant s  h = 0
BC4: e v = 0 a h = constant
From a historical point of view, the first large flexible wall calibration 
chamber was built by the Country Roads Board of Victoria (C.R.B.), Australia, 
housing a cylindrical sample of 760 mm in diameter by 910 mm in height (Holden, 
1971). Unavoidable boundary effects in the C.R.B. chamber, when calibrating the 
20 cm 2 C.R.B. penetrometer, led Holden to design a new calibration chamber at the 
University of Florida, U.S.A., housing a sample of 1,220 mm in diameter by 1,220
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mm in height. In spite of this new design, it was not possible to reach a plateau for 
sleeve friction resistance when testing the 10 cm* Fugro model A penetrometer. In 
order to solve this problem, a higher chamber was built at the Monash University, 
Australia, housing a sample of 1,820 mm in diameter by 1,220 mm in height 
(Chapman, 1974). The Norwegian Geotechnical Institute (N.G.I.), Norway, also 
constructed a calibration chamber 1,219 mm in diameter and 1,500 mm in height 
(Parkin and Lunne, 1982) to study boundary effects in the laboratory calibration of 
cone penetrometers in sand. Another calibration chamber was built by the Italian 
National Electricity Board - Hydraulic and Structural Research Center, Italy, housing 
a sand sample of 1,200 mm in diameter by 1,500 mm in height (Bellotti et al, 1982). 
The last, and biggest calibration chamber, was designed and assembled at Virginia 
Polytechnic Institute and State University, Virginia-U.S.A, accommodating a sand 
sample of 1,500 mm diameter by 1,500 mm height (Sweeney, 1987). A small 
calibration chamber, also for sand and housing a sample of 760 mm in diameter by 
800 mm in height, was built at University of California at Berkeley, U.S.A., (Villet, 
1981). The first unique calibration chamber to test clayey soils was developed at 
Purdue University to calibrate a miniature pressuremeter, and houses a sample 203.2 
mm in diameter by 337 mm in height (Huang, 1986).
Primarily, the chambers mentioned above, with the exception of Huang 
chamber, have similar features and were developed for testing solely sand samples. 
They differ only on the degree of advanced instrumentation and versatility of 
controls installed, and can be used for testing a large gamut of in situ testing




The high applicability of CPT in soil profiling is well known in engineering 
practice. The first use of friction ratio, i.e. the ratio of local side friction resistance 
to cone resistance, to determine the soil subsurface stratigraphy is credited to 
Begemann (1965). Since then, soil classification charts generally based on the 
reference cone penetrometer data have steadily been developed and modified as 
the CPTs state of the art advanced. Examples of these charts can be found in 
Schmertmann (1978b), Douglas and Olsen (1981), Tumay (1985), Robertson et 
al.(1986) and Olsen and Malone (1988).
CPT field data has demonstrated that local side friction resistance changes 
drastically with soil type. This fact has led to the use of friction ratio and cone 
resistance as basic parameters in CPT soil classification charts. However, as referred 
by Parkin (1988), experimental data on sands has shown that local side friction 
resistance is not only dependent on cone resistance but on cone size as well. The 
further dependence of friction resistance on cone size certainly could maximize the 
importance of local side friction resistance on the analysis of soil properties when 
considering data obtained with different cross-section area cones.
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Schmertmann (1978b) showed that the reference cone penetrometer requires 
a depth of about seven cone tip diameters to fully mobilize the cone penetration 
resistance in the same sand, after passing from a higher relative density state (Dr = 
100%) to a medium relative density state (Dr = 55%); for clays, Schmertmann also 
mentioned that the complete transition in a two layer clay system could occur 
between two and four cone diameters. Considering the reference cone penetrometer 
and a layer of stiff soil embedded in a soft mass and a layer of soft soil embedded 
in a stiff mass, Jamiolkowski et al. (1985) referred to thicknesses of at least 700 and 
200 mm, respectively, in order to fully mobilize the cone penetration resistance at 
the middle height of each layer.
In ( ler to develop correlations between calibration chamber’s cone 
penetration resistance and soil parameters, particular cone penetration resistance 
values have to be obtained from the chart records of qe and fs. Working on loose 
and dense sand samples (i.e., Dr = 30% and 95%, respectively), and using a 10 mm 
diameter cone penetrometer and a diameter ratio of 18, Canou et al. (1988) 
demonstrated that the ’plateau’ condition for cone resistance can be reached at 
depths around 60 mm. In contrast, Parkin (1988) argues that dense sands samples 
tested at constant vertical stress and zero lateral strain (i.e., BC3) "do not reach a 
’plateau’ condition, but have qc increasing continuously in response to an increasing 
lateral stress." If a ’plateau’ condition is not attained, generally mid-depth values of 
cone penetration resistance are used for correlation with soil parameters.
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The penetration resistance mechanism of cone penetrometers in soil deposits 
has been approximated by bearing capacity theories (Durgunoglu and Mitchell, 1973; 
Janbu and Senneset, 1974; Senneset et al., 1982) and cavity expansion theories 
(Vesic, 1972; Baligh, 1976; Baligh and Levadoux, 1980). An extensive review of the 
current practice is available in Keaveny (1985) and Jamiolkowski et al. (1988). An 
empirical approach based on the so called "state parameter" and describing the 
relationship between friction angle of sands in terms of effective stress and cone 
resistance is also available (Been et al., 1986).
Attempts have been made to estimate the strength and deformability of 
cohesionless soils from traditional laboratory tests and CPT results. For normally 
consolidated cohesionless soils, Meyerhof (1974) presented an empirical correlation 
between internal friction angle and cone resistance from the results of investigations 
developed in Europe. Based on the Durgunoglu and Mitchell theory, Villet and 
Mitchell (1981) obtained a significant correlation between the internal friction angle 
of fine sands obtained from CPT results and the measured ultimate triaxial friction 
angle, for identical stress and void ratio conditions. Considering Toyoura standard 
sand and various sand fabric characteristics, Miura et al. (1984) concluded that there 
is a unique relationship between the internal friction angle obtained from drained 
triaxial compression tests and cone resistance obtained from calibration chamber 
tests. Also, these authors referred that "...the characteristics of dilatancy due to the 
cone penetration are intimately connected to those in the static triaxial test." Based 
on laboratory triaxial and calibration chamber tests on a large range of sand types,
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Robertson and Campanella (1984) proposed an empirical correlation between a 
factor called "bearing capacity number" (i.e., Nq) and peak friction angle obtained 
from drained triaxial tests "...performed at confining stresses approximately equal to 
the horizontal effective stress in the calibration chamber before cone penetration." 
From the analysis of a large range of sand types, Been et al. (1986) recommended 
empirical correlations between the normalized cone resistance and the so called 
"state parameter" which is a concept was developed on a data base of triaxial tests. 
Also from laboratory tests on Monterrey sand No. 0, Rad and Tumay (1986) gave 
empirical correlations between cone penetration resistance and friction angle 
obtained from triaxial tests. From field cone penetration testing on a dune deposit 
of fine to medium silty sand, Johnson (1986) proposed regression equations relating 
triaxial friction angle to cone penetration resistance. Relationships between the 
drained secant Young’s modulus and cone resistance are also available (Robertson 
and Campanella, 1984; Bellotti et al., 1985).
The influence of compaction characteristics on the undrained behavior of a 
compacted clay has been studied by Pastor and Uriel (1983). These authors 
concluded that a compacted clay behaves like an overconsolidated clay, and the 
equivalent OCR is a function of the compaction effort and water content. These 
authors also suggested the existence of a "...well defined Critical State for the 
compacted, saturated and consolidated clay tested.", and concluded that the 
assumption of a parallel virgin consolidation line to the critical state line could lead 
to the estimation of the OCR generated by the compaction procedure used.
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A major problem in calibration chamber tests is the definition of an 
equivalent boundary condition when comparing field to results obtained in the 
laboratory calibration. Holden (1971) considered that the actual boundary condition 
in the field would lie somewhere between the laboratory calibration chamber test 
BC1 and BC3. He also assumed that the true field cone resistance "...would lie at 
the third point of the range between the two extremes obtained from 
’zero-stress-change’ and ’zero-deformation’ tests...", i.e. BC1 and BC3, respectively. 
From comparison of data from field and calibration chamber tests performed on 
sands, Harman (1976) concluded that the third point between the range of BC1 and 
BC3 is in fact the best approximation of in situ conditions. Schmertmann (1978.a) 
has also attempted an interpolation between calibration chamber test results 
obtained under boundary conditions BC1 and BC3 when developing correlations 
between relative density and cone penetration resistance in sands.
Parkin and Lunne (1982) understood that for a sample of ideal dimensions, 
cone resistance measured in a flexible chamber should be independent of boundary 
conditions. These authors suggested that for a sample size smaller than the ideal 
one, i.e. a sample that should not be subject to any boundary effect in calibration 
chamber tests, cone resistance obtained from tests under boundary conditions BC1 
and BC3 simulated in flexible wall calibration chambers could represent boundaries 
for the actual in situ cone resistance. This in agreement with Holden’s assumption.
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Bellotti et al. (1985) considered that the relationship between the true field boundary 
conditions and those feasibly simulated in flexible wall calibration chambers is still 
not well understood because of complex interactions between the so-called "chamber 
size effect" and boundary conditions.
From experimental data, it was concluded that in order to prevent boundary 
effects on cone penetration resistance in a flexible wall calibration chamber, 
diameter ratios of 20, 50 and 100 would be required for loose (Dr = 15 - 30%), 
normally consolidated dense (Dr = 90%) and overconsolidated sands (OCR > 8), 
respectively (Parkin and Lunne, 1982). These experimental conclusions have evolved 
along of the years. Considering a large range of new experimental data Parkin 
(1988) reports that even for a diameter ratio of 60, calibration chamber tests 
performed in dense sand (Dr between 80 and 90%) could still be affected by 
boundary conditions. Tumay et al. (1985), in their treatise of the flow field around 
a cone penetrating an inviscid and incompressible fluid, concluded that a diameter 
ratio around 20 was required to dissipate the strain rates induced during the 
penetration of a 60 0 apex angle cone. In order to prevent boundary effects when 
developing his laboratory pressuremeter experiments in clay soils, Huang (1986), 
based on Carter et al. (1979) solution for the expansion of a cylindrical cavity in a 
semi-infinite medium, adopted a diameter ratio of 18.
Correction factors for chamber size effects are available for sands (Bellotti 
et al., 1985; Been et al., 1986).
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2.6. Scale Effect in CPT
The term "scale effect" is generally associated with the influence of cone 
penetrometer dimensions on penetration resistance. Although this topic has been 
repeatedly analyzed in the literature during the last two decades, a compreenhesive 
literature survey revealed that it still is an unsettled issue.
The factors affecting the cone penetration resistance of electronic cone 
penetrometers can be summarized as soil type and its environment, equipment type, 
and test procedures. Changes in cone penetrometer dimensions may influence the 
measured cone penetration resistance (i.e., cone resistance and local side friction 
resistance). Available correlations developed between the reference penetration 
resistance and related soil properties certainly need to be verified for possible scale 
effect(s). Consequently, the use of small size cones for assessing soil engineering 
properties may require to carry on a laboratory and a field test program in order 
to evaluate possible scale effects between the reference and miniature cone data.
Kerisel (1961) reported decrease in penetration resistance with increase in 
pile diameter in homogeneous compacted sand samples, considering pile diameters 
ranging from 45 to 320 mm. Sanglerat (1972) addressed the scale effect topic stating 
that cones with different cross-section areas (5 to 40 cm2) give almost the same cone 
resistance in all soils. Holden (1977) suggested that a small size cone penetrometer 
could give higher penetration resistance than the reference probe under normal field 
conditions. Schmertmann (1978b) referred to "no significant variation" in the
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measured penetration resistance of cones with cross-section areas in the range of 5 
to 20 cm2, for all soil types. Shields (1981) implied that the influence of cone 
diameter in the measured cone resistance would be little in an isotropic, 
homogeneous and uniform soil, and that this influence could be expected to increase 
in layered soil systems. Considering sounding data accumulated along the years, De 
Ruiter (1982) reported "...that there are no significant differences in qe and fg for 
cone sizes varying from 5 to 15 cm2." Based on field tests performed with the 10 and 
15 cm2 McClelland piezocones at Brent Cross Hendon (London clay), Lunne et al 
(1986b) stated that "...there are no significant differences in the cone resistance and 
sleeve friction values between the 15 and 10 cm2 piezocones." Sweeney (1987) 
referred to scale effects between a 4.1 cm2 and a 10 cm2 cone penetrometers. From 
field tests in two sites at the Imperial Valley in Southern California, soil profiles 
classified as "soft silt to clayey silt" /  "loose to compact silty sand" and "loose sandy 
silt", this author noticed that the scale effect "was more noticeable in the tip 
resistance than in the sleeve friction; also, the effect became more pronounced as 
higher values of qc are compared." Same conclusion was reached by the referred 
author from his laboratory penetration testing program on sands in a large size 
calibration chamber (Monterrey #0/30 Sand, Dr = 24% and 65%), for cone 
resistance. Although the laboratory test program was not conclusive about scale 
effects on local side friction resistance, Sweeney reported that "...it appears no 
pronounced scale effects exists for sleeve friction...". From cone penetration tests 
performed at Dunkerque with 10 cm2 and 15 cm2 cones (QCPT, PCPT and DPCPT), 
Juran and Tumay (1989) concluded that cone diameter does not affect cone
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resistance and excess pore water pressure measurements, but can affect the 
measured local side friction resistance. These authors indicated that the 10 cm2 
cone systematically gave sleeve friction measurements 20% higher than the IS cm2 
cone penetrometer. The Earth Technology Corporation reported comparison 
between the reference penetrometer and a 1.27 and a 2.85 cm2 cross-section cones 
from tests performed"... under stress-controlled soil conditions in a 30 inch diameter 
drum." They mentioned that"... the tip resistance measurements were essentially the 
same as for full size cones and the friction measurements were consistently about 
10 % higher than measured by full size cones."
The topic scale effect was also analyzed by Parkin (1988), in his special 
lecture addressed to the First International Symposium on Penetration Testing, 
ISOPT-1. From a theoretical approach and considering the Terzaghi bearing 
capacity equation for a circular footing, the referred author stated that "...any scale 
effect would have to be embodied in the term involving N7, which is effectively 
insignificant at D/B ratios above, say, 10 (i.e., all practical situations involving the 
CPT)." Complementing, Parkin suggested that "Perhaps the only remaining source 
of a scale effect (as opposed to chamber size effect, discussed elsewhere) is the 
relationship between cone size and the size of sand grains..", stressing however that 
"...this possibility is unlikely to be one of serious practical consequence."
It has been reported that the wear of the friction sleeve and cone tip would 
influence friction ratio in sands. From an extensive field testing program carried out
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in 1982, using an electric cone penetrometer, Jekel (1988) referred to a 45% 
decrease in friction ratio after a penetration length of 500 m in sand. From a recent 
field soil investigation performed in a sand soil profile, the same author reported 
local side friction resistance reduction of approximately 30%, and credited the 
decrease in friction resistance to the wear of the friction sleeve and cone tip.
2.7. Capillarity in Soils
A feature of interest of subgrade soils, at least at the usual design depths of 
interest, is their partially saturated condition. Generically, this statement can be 
extended to almost all compacted soils which translates to considerable amount of 
natural soils used in road engineering construction activities.
Analysis and design involving partially saturated soils have been often based 
on fully saturated soil properties. One reason for adopting this procedure is the lack 
of data and reliable analytical methods to predict behavior of unsaturated or 
partially saturated soils.
Basic theoretical considerations on partially saturated soils have been given 
by Bishop and Blight (1963) and Fredlund (1985). For a given compactive effort, 
Bishop and Blight (1963) noticed that the pore-pressure and suction characteristics 
of compacted soils are dependent mainly on four factors: soil type, compaction water
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
25
content, difference between total normal stress and pore-air pressure (a - u,), and 
the applied shear stress. Fredlund understood that the shear strength and volume 
change behavior of an unsatured soil could be described in terms of two independent 
stress variables, as follows: total normal stress and pore-water pressure (a - uw), and 
pore-air and pore-water pressure (u, - uw ). Fredlund suggested that when the 
degree of saturation approaches 100%, the pore-air pressure approaches the 
pore-water pressure, and a smooth transition to the saturated case is expected to 
occur.
Typical relationships between suction and compaction water content for 
cohesive soils have been given by Blight (1967), and for cohensionless soils by 
Lambe (1950) and Wu et al. (1984). Blight (1967) analyzed the effect of saturation 
on failure zone void ratio and maximum shear stress in triaxial tests on an unsatured 
clayey sand. He showed that the saturated soil presents a noticeable change in 
shear strength parameters when compared to the unsaturated soil. He also concluded 
that clayey sands compacted dry of the optimum water content show a dependence 
between shear strength parameters and water content, in disagreement with Bishop 
et al. (1960)’s assumption. Wu (1983) showed that the magnitude of capillary stress 
developed in the Glacier Way Silt with a void ratio of .58 and degree of saturation 
of 80% is approximately 6.5 kPa (.9 psi).
The relationship between optimum moisture content and degree of saturation 
as defined in compaction tests has been referred in the literature. Lambe (1951)
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displayed compaction curves for a well-graded sandy silt, considering various upper 
limits of grain size. From these curves it is possible to conclude that, for 
cohesionless soils compacted around the optimum water content, the degree of 
saturation is at least 80%. Martin (1983) also reported that "...the optimum moisture 
content for compaction of fine grained soils is in the range of 80% to 90% 
saturation."
Shear strength of partially saturated soils is in general understood as a suction 
controlled parameter and highly dependent on changes in moisture content induced 
eventually by climatic loading variation. Wu (1983) referred that "...capillary 
pressure is often neglected in soil mechanics analysis when the air voids are 
separated. During consolidation, there is a successive occlusion of individual voids 
as effective stress increases." Barden (1965) reported in the case of a Vicksburg silty 
clay that presented fully continuous voids at a moisture content 4% below the 
optimum and occluded voids at moisture content 3% above the optimum.
Considering road engineering applications, a topic of interest in the present 
research is the influence of suction on the shear strength behavior of Louisiana 
compacted soils. Taking into account the suction measurements performed by Wu 
(1983) in a silt soil, it seems that the compaction of cohesionless soils for road 
engineering purpose should not generate suction levels in order to affect significantly 
the effective stress. Taking into account that construction of fills in humid regions 
tend to be on the upper side of the optimum moisture content, and considering that 
the case of the Vicksburg silty clay reported by Barden (1963) could represent the
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state resulting from compaction of fine grained soils for road engineering purposes, 
it would be fair to assume that the generation of capillary pressure during 
compaction of fine grained soils in road engineering in Louisiana could not affect 
significantly the soil behavior in terms of effective stresses.
2.8. Statistical Analysis of Geotechnical Data
The present research envisions the statistical analysis of field testing data in 
order to examine the scale effect topic among cones with different diameters. It also 
involves the application of statistics techniques to calibration chamber and traditional 
geotechnical laboratory test data in order to develop meaningful correlations 
between CPT data and soil parameters of interest to road engineering. From this 
point of view, it would be of interest to present some comments on soil populations, 
and to expose a brief history of the application of statistical techniques in 
geotechnical engineering in the last two decades.
Engineering properties of soil masses can be understood as unknown functions 
of two or three spatial coordinates (Alonso and Krizek, 1975), and it is frequently 
assumed that "...most soil properties can be regarded as random variables conforming 
to the ’normal’ or ’Gaussian’ theoretical distribution." (Lumb, 1986). It seems that 
there is a tendency to describe the random heterogeneity of a soil mass on the 
grounds of probabilistic models (Alonso and Krizek, 1975; Vanmarcke, 1977). In
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addition, it is referred that "...the type of problem, its symmetry conditions, and a 
knowledge of the soil at each site will dictate the simplifications that might be 
employed" in the model (Alonso and Krizek, 1975). Therefore, it is latent that 
engineering judgement is a requirement, but sometimes a pitfall, of these models. 
Engineering judgment is required, for example, in order to estimate the structure of 
the spatial soil variability of soil populations. Lumb (1975) considered that, for a 
single soil population, "...the minimum number of test results needed in order to give 
reasonably precise estimates is of the order of 104." However, the same author 
concluded that "...the best that can be done in practice is to study variability over 
one dimension, either laterally or vertically, using sample sizes of the order of 20 to 
100." Also, Arman and McManis (1977), when studying the effects of disturbance 
caused by sampling and handling on the engineering properties of cohesive soils in 
Louisiana, stated that "...the selection of sites was based on an attempt to find soils 
conducive to a study on sampling, and representative of material encountered by soil 
engineers in the area."
Statistical techniques have been applied to increase the reliability of 
geotechnical engineering data in the last decades. Holtz and Schrode (1975) and 
Deer (1984) have shown the importance of Factor Analysis on the evaluation of soil 
test data. Harman (1976) applied Analysis of Variance and Regression Analysis in 
developing static cone bearing versus relative density correlations for fine sands. 
Sanglerat et al. (1982) used Regression Analysis to study the influence of soil 
properties on cone resistance during static sounding of cohesive soils. Also,
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statistical procedures such as Path Analysis, Cluster Analysis, Factor Analysis, 
Factorial Analysis and Regression Analysis have been used by Johnson (1986) for 
developing a methodology to correlate cone penetration test data with other 
geotechnical parameters.
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Table 2.1. Present In Situ Capabilities for Soil Modelling (After Jamiolkowski et 
al., 1985)
S o l i  l« h a v lo u i> > « ra M tir Equip— n t  a n d /o r  P ro ced u res Co— a n ts  -  Hamarks
1 . S o il  p r o f i l i n g  and 
i d e n t i f i c a t i o n
1 .1 .  CPW
1 .2 .  CPT
1 .3 .  DKT
1 .4 .  A c o u s tic  cona
1 .5 . C l a c t r ic  c o n d u c tiv i ty  
p robe
1 .1 .a .  S im u ltan eo u s — a s u re — n t  o f  q e  and uMX d u r in g  p a n a tr a t lo n  has 
g r a a t  p o t a n t l a l  f o r  s o i l  p r o f i l i n g  and l d a n t i f i c a t l o n
1 .1 .b .  C a B a n tia l ly  r i g i d  and a s t r o — ly  w a ll d a a lra d  system  w ith  a vary 
q u ic k  ra sp o n sa  f o r  r a l l a b l a  U u ,  —  a s u ra —  n ta
1 . 1 .c .  C o r ra c t io n  o f  qe  and f«  f o r  unaqual and a ra a a  a f f a c to
com parison  to  CPTU
1 .2 .b .  P r ic t io n  r a t i o  f s /q c  * p o o r a o l l  ty p a  i d e n t i f i e r  In  a a p a e la l ly  
a a n a l t lv a  c la y s .
1 .2 .e .  P o t a n t l a l  — y ba I n c ra a ta d  by im proving r a a o lu t lo n  o f  q c  —asu ra*  
— n ta  and — ra  r a l l a b l a  and r a p a a ta b la  f a  — a su ra — n ta
1 .3 .a .  a  s e n s i t iv e  s o i l  I d e n t i f i e r  b u t ,  s in c e  p a rfo r— d d lsc o n tln u o *  
s ly ,  g e n e ra l ly  e v e ry  20 c a , I obb a a n s l t lv a  to  s t r a t a  changaB
1 .4 .a .  M ainly f o r  s o i l  p r o f i l i n g  and i d e n t i f i c a t i o n !  needs f u r th e r  
f i e l d  and la b o ra to ry  v a l id a t io n
1 .5 .a .  M easures n o n d iae n a lo n a l a l a c t r j c s l  " fo r— t lo n  f a c to r*  which 
r e f l e c t s  sand s t r u c tu r e ,  hence i t a  a n is o t ro p y ,  p a r t i c l e  sh ap e, void  
r a t i o ,  and ee— n t a t lo m  — y ba r e le v a n t  fo r  l iq u e f a c t io n  s tu d ie s
1 .5 .b .  Needs f u r t h e r  v a l i d a t i o n ,  e s p e c i a l l y  in  th e  f i e l d .
2 . In  s i t u  ohQ banco 2 .1 .  SBP (m easures ohQ 1
2 .3 .  XSB (asaasBaB ohQ)
2 .4 .  5 p a d e * lik e  T8C 
(— a s u re s  oh o>
2 .5 .  H y d ra u lic  f r a c tu r in g ,  
( a s s e s s e s  o£0 »
2 . 1 . e .  "Proven* to  be s u c c e s s fu l  In  s o f t  c la y s i  l e s s  e a p e r ia n c a  In 
s t i f f  c la y s i  poor e s p e r la n e e  In  san d s
2 .1 .b .  G r e a te s t  p o t e n t i a l  a — ng In  s i t u  — tho d s b u t  s t i l l  so—  pro* 
b le —  w ith  equip— n t  com pliance  and p robe i n s e r t i o n  p ro ce d u re s
2 .2 .a .  B ased on e m p ir ic a l  c o r r e la t io n s !  p ro s i is ln g , b u t r e q u i r e s  
f u r t h e r  r e s e a rc h  t o  a s s e s s  r e l i a b i l i t y
2 .3 . a .  New d e v ic e :  r e q u i r e s  f u r t h e r  in te n s iv e  la b o ra to ry  and in  s i t u  
v a l id a t io n
2 .4 . a .  L im ite d  p o s i t iv e  e x p e rie n c e  o n ly  in  s o f t  to  s t i f f  c la y s i  success*  
f u l  use  in  o th e r  s o i l s  u n l ik e ly
2 .4 .b .  In  e t l f f  c la y  o v e ra s t l— te a  oh o i r e q u i r e s  c o r r e c t io n  f o r  
bed d in g  e r r o r
2 .4 .c .  V e r t i c a l  i n s t a l l a t i o n  e s s e n t i a l
2 .5 . a .  A p p lic a b le  o n ly  to  c o h e s iv e  s o i l s  hav in g  *o < 1
J .S . b .  I n t e r p r e t a t i o n  u n c e r ta in .
3 . In  s i t u  v a r t l e a l  
a f f a c t l v a  y l a l d  
a trtB B  Op
3 .1 .  PL and SPL ta s tB
3 .2 .  CPTU
3 .1 . a .  L im ited  e x p e r ie n c e  f o r  a s s e s s — n t  o f
3 .1 .b .  P o s s ib le  a p p l ic a t io n s  l im i te d  to  r e l a t i v e ly  homogeneous cohesion* 
l e s s  d e p o s i t s  a t  sh a llo w  d e p th s  in  which t e s t s  a re  p e r f o r m d  under 
f u l l y  d ra in e d  c o n d it io n s .
1 . 1 .c .  T ot BPL th e  In f lu e n c e  o f  p l a t e  shape and d is tu rb a n c e  due to  i t s  
i n s t a l l a t i o n  on th e  l o a d - s e t t l e — n t  r e l a t i o n s h ip  n o t w e ll  u n ders tood
3 .2 . a .  u ^ g -u o /q c -O v o  be c o r r e la t e d  t o  OCBi in  homogeneous co h esiv e  
d e p o s i t s ,  r e f l e c t s  OCX changes
3 .2 .b .  P o s s ib le  a p p l i c a t i o n s  l im i te d  to  co h e siv e  d e p o s its }  f u r th e r  labo* 
r a t o r y  and f i e l d  v a l id a t io n  needed
4 . D efo rm a b lllty  
c h a r a c t e r i s t i c s 4 .1 .  PL and  SPL
1 4 .2 . SIP t a a tn
4 .3 .  OUT
4 .4 .  CPT
4 .5 .  S h aa r wave v a lo c l ty  
— a s u re — n ts
4 . 1 . a .  A p p l ic a t io n  l im i te d  to  sh a llo w  d ep th s
4 .1 .b .  'P roven*  in  c o h e s io n le s s  d e p o s i t s  in  which can  d e te rm in e  average  
d r a in e d  Young s t i f f n e s s  I * ,  w i th in  th e  d e p th  o f  In f lu e n c e  o f  th e  p l a t e
4 . 1 . e .  l a  c o h e siv e  s o i l s ,  d e s p i t e  u n c e r ta in ty  about d ra in a g e  c o n d it io n s ,  
i t  i s  assumed t o  y i e l d  a v e ra g e  u n d ra ln e d  Young a t l f f n e s a  By
4 .1 .d .  S in ce  E i s  o b ta in e d  from  lo a d * d ls o la c e — n t  — a s u re — n t s ,  an  a 
p r i o r i  assu m p tio n  re g a rd in g  s o i l  c o n s t i t u t i v e  model l a  n e c essa ry
4 . 1 .e .  Very d i f f i c u l t  t o  r e f e r  th e  E o b ta in e d  from  PL and  SBL t e s t s  to  
th e  b e h av io u r o f  a  s o i l  — c ro * e le — n t ,  hence to  s t r a i n  o r  s t r e s s  
l e v e l s
4 . 2 . a .  G re a t p o t e n t i a l  f o r  d i r e c t  — a su re — n t  o f  s h e a r  m odulus Gh 1a 
h o r l s o n ta l  d i r e c t i o n
4 .2 .b .  Gfa d e s c r ib in g  th e  'e l a s t i c *  s o i l  b eh av io u r can  be a s se s s e d  from 
a— 11 u a lo a d in g * re io a d ln g  c y c le s  whose r o le  i s  t o  m in im ise  th e  s o i l  
d i s tu r b a n c e  due t o  p robe  in s e r t i o n
4 . I . e .  Through e a p i r l c a l  c o r r e l a t i o n s  y i e ld s  v a lu e s  o f  ta n g e n t  con* 
s t r a in e d  m odulus i n  san d s and  c la y s
4 .3 .b .  P r e s e n t ly  a v a i l a b le  c o r r e l a t i o n s  have been o b ta in e d  — in ly  fo r  
p red o m in an tly  q u a r t s  sands and  — r ln e  and a l l u v i a l  c la y s i  f u r th e r  labo*  
r a t o r y  and f i e l d  v a l id a t io n  in  a  w id e r ran g e  o f  s o i l s  need ed .
4 . 4 . s .  b p i r l c a l  c o r r e la t io n s  betw een qe and B o f  q u e s t io n a b le  r o l l s *  
b l l i t y  and n o t  g e n e ra l ly  v a l i d  e x c e p t  f o r  NC sand
4 . 4 . b . In  any c a se  a p p lic a b le  o n ly  t o  p red o sd n a n tly  q u a r t s  c le a n  un* 
c a n e n te d  san d s  in  which p e n e tr a t i o n  o c c u rs  u n d e r f u l l y  d ra in e d  con­
d i t i o n s
4 . 5 . a .  'P ro v en *  p o t e n t i a l  to  e v a lu a te  s— 11 s t r a i n  G in  
h o r i s o n t a l l y  la y e re d  s o i l  d e p o s i t s
4 .5 .b .  The v a lu e  o f  G i s  c a lc u l a t e d  a f t e r  assu m p tio n  a r e  — de oon* 
e e rn ln g  th e  c o n s t i t u t i v e  s o i l  m odel, th e  t r a v e l  p a th  and  th e  s o i l  ho­
m ogeneity
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5 . Plow and 
c o n s o lid a t io n
5 .1 .  b o reh o le
5 .2 .  Large s c a le  pusplng
5 .1 .  P le to m e te ra
5 .4 .  S e l f -b o r in g  
perm eaneter
5 .5 .  b o ld in g  t e a t  
(Camkometer)
5 .C . P le io c o n a  o r  
p la s o a e te r  probe
5 .7 .  b a c k -a n a ly s ls  o f  f u l l -  
s c a le  a tr u c tu r a a
5 .1 .  O u tflo w  t e a t s  a t  e o n a ta n t  head p r e f a r r e d i  i n t e r p r e t a t i o n  above 
w a te r  l e v e l  e i t r a a e l y  complex
5 .2 .  V ery r e l i a b l e  b u t  a ls o  v e ry  ex p en siv e  t e a t )  a c c u r a te  w a ll  In ­
s t a l l a t i o n  and drawdown a e a a u r e a tn ta  w ith  p le s o a e te r e  a r e  re q u ire d
5 .1 .  C o n s ta n t head t e a t s  w ith  Su s n a i l  to  a v o id  f r a c tu r in g  a re  
p r e f a r r e d i  p a ra n e ta r a  f ro a  o u tflo w  t e a t s  r e l e v a n t  t o  OC c o n d it io n a l  i n ­
flo w  t e a t s  a p p ro p r ia te  f o r  MC c o n d it io n s
5 .4 .  C a re fu l  I n s t a l l a t i o n  req u ired *  o n ly  o u tflo w  t e s t a  a v a i l a b le ,  hence 
th e  d e r iv e d  p a ra n e ta ra  a re  r e le v a n t  t o  OC c o n d it io n s
5 .5 .  C a re fu l  i n s t a l l a t i o n  r e q u ir e d ;  d i f f i c u l t  i n t e r p r e t a t i o n  due t o  non- 
a o n o to o lc  changes o f  e f f e c t i v e  a tr e a a
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p e rfo rm in g  t e s t  and in te r p r e t a t i n g  f i e l d  m easurem ents
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SPL ■ Serai# plafca lo ad in g
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M  n h o r i t o n ta l  e tr e a s a a
o ' ■ E f fe c t iv e  o v e rb u rd en  o t r a a a
SYMBOLSs
CPTU » Q u a s l - s t a t l c  cone p e n e tr a t io n  t e a t  w ith
p o re  p rea a u re  m easurem ents
CPT ■ O u a a i - a ta t i c  cone p e n e tr a t io n  t e a t
DMT ■ N a r c h e t t l ’ s  f l a t  d y la to m ete r
(SB •  Iowa atapped  b lad e
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Figure 2.1. Range of Application of Different Cone Penetration Test (After 
Tumay, 1987)




The quasi-static cone penetration test (QCPT or CPT for short), in its 
different versions, is commonly used in geotechnical engineering in preliminary and 
advanced phases of subsurface soil investigations. The simplicity and cost- 
effectiveness of the test, the quality of the measured data and the reliability of the 
developed interpretation procedures have made the CPT an outstanding tool to 
determine the soil conditions in general, such as classification and stratification, and 
basic geotechnical parameters. Soil classification and soil strength parameters charts 
based on cone resistance (qc) and friction ratio (R,) obtained with the standard 10 
cm2 cross-section (reference) cone penetrometer are readily available to the 
practicing engineer.
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The primary purpose of the field testing program was to analyze the adequacy 
of a lightweight, portable, electronic CPT based system using the Miniature Quasi- 
Static Cone Penetrometer (MQSC) to field conditions related to road engineering, 
i.e. natural grade soil classification and embankment construction control. A 
weakness in using this idea could be the possible existence of scale effect between 
the MQSC and the reference cone penetrometer data, endangering the applicability 
of the MQSC data to soil classification and basic parameter charts developed from 
the reference cone penetrometer data.
Another goal of this research was to study the field performance of a 15 cm2 
cross-section cone penetrometer in use by the Louisiana Transportation Research 
Center (LTRC) and the Department of Civil Engineering-LSU when compared with 
the reference cone penetrometer.
The field testing program implemented to examine the scale effect topic 
involved a comparative study of field performance between the MQSC and the 15 
cm2 cone, and the reference cone penetrometer. The reference cone penetrometer 
was used as the basis for comparison of performance. Statistical correlations 
between the MQSC and the 15 cm2 cones and the reference cone penetrometer 
data were developed, enabling the immediate use of the field data obtained using 
the MQSC for soil profiling and strength parameter evaluation in road engineering.
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Two more questions were concisely addressed in this field testing program. 
They were related to the influence of the pore pressure generated during cone 
penetration (i.e., unequal end area ratio) and wear of cone tip and friction sleeve 
on cone penetration resistance.
3.2. Equipment and Procedures 
3.2.1. Penetration System
3.2.1.1. The LSU REVEGITS Penetration System
Penetration tests with the reference and the 15 cm2 probes were performed 
using the Louisiana State University Research Vehicle for Geotechnical Insitu 
Testing and Support hereafter referred to as REVEGITS. This is a 20 tonne all 
wheel-drive vehicle which incorporates the state-of-the-art technology for in situ 
subsurface soil exploration for civil and geo-environmental engineering purposes. 
The CPT system is housed in a specially fabricated van body mounted vehicle with 
sufficient reaction weight and off-road maneuverability to carry out in situ 
geotechnical investigations. REVEGITS’ design includes hydraulic levelling and 
CPT operation with a 1 meter stroke penetration chucking system. The hydraulic 
leveling system consists of three jacks; two mounted behind the driver’s cab,
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connected to two .5 m (around 20") reaction pads and one jack at the rear of the 
vehicle frame with a .5 m reaction pad (see Figure 3.1).
REVEGITS penetration thrust system consists of two double acting hydraulic 
cylinders (Hyson 200 kN, Type III) with a cross beam, support columns with platen 
for loading head, and columns aligned by roller bearings. The maximum drive and 
pulling loads are 200 kN and 260 kN, respectively. The thrust system is attached to 
a support subsystem mounted to the vehicle frame. The clamping device is capable 
of penetrating and extracting rods of 35.6 mm and 55 mm in diameter. It can 
manipulate both sizes of the rods without changing the push-in head and without 
changing the electrical cable of the cone penetrometer. A friction based force 
transfer system between the clamping device and the sounding rods allows for the 
safe manipulation of the rods from any location on the rod, not requiring a 
predetermined clamping point (see Figure 3.2).
Considering Louisiana soils, general sounding depths on the range of 45 to 
50 m can be reached, using 1 m high tensile strength seamless steel rods. One 
Operator can perform all the testing tasks, although experience suggests two 
operators as an economic-time optimum number.
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The MQSC truck system developed by Fugro-McClelland Engineers consists 
of a 1.27 cm2 cross-section cone penetrometer, 10.6 m (35 ft) long coiled push rod, 
grabbing system and roller unit working on the push rod, and hydraulics. This 
equipment is mounted as a unit in the front of a modified standard pick-up truck. 
The pick-up truck provides mobility for the light utility cone, reaction force during 
penetration, and power for the hydraulics and data acquisition system.
The miniature cone push rod is a 9.53 mm (3/8 in) diameter 304 stainless 
steel rod with 4.76 mm (3/16 in) internal diameter. It is connected to the cone tip, 
down hole, and to a 10 pin electric plug on the up hole end. The rod is coiled into 
approximately 60 cm (2 ft) diameter coils.
The hydraulic system consists of three drive jacks. Lowering a transverse 
steel plate to the ground and raising the front of the truck, the two outer jacks 
provide for the reaction force during penetration. The center jack is the push jack. 
It allows the cone and push rod to pass through, has a stroke of around 15 cm 
(around .5 ft), and can deliver a set push rate of 2 cm/sec. The push jack provides 
the force needed to run the push rod through a roller unit and to penetrate the soil. 
The push jack is connected to a sleeve which contains the chucking system. The 
rollers in the roller unit combined with the chucking system straightens the coiled 
push rod. The rod then passes through a support guide before entering the soil.
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The chucking system applies a grabbing force to the rod and advances or extracts the 
cone from the soil, depending on the selected direction of movement. Figure 3.3. 
shows details of the Fugro-McClelland miniature cone penetration system.
3 2  JL Data Acquisition and Reduction System
3 2 2 .1. The LSU REVEGITS Data Acquisition and Reduction System
REVEGITS data acquisition hardware embodies a signal conditioning unit 
(PCU-M) manufactured by Fugro-McClelland of the Netherlands, a Compaq 
Portable III micro computer with a 640x400 high resolution screen, running at 12 
MHz, a forty megabyte internal hard disk drive for data storage, and the Data 
Translation DT-2801A analog to digital conversion and digital I/O  board. Signals 
coming from the cone penetrometer are amplified and scaled by the PCU-M unit 
before they are transmitted to the DT-2801A for conversion. A data reduction 
hardware, i.e. a plotter or a printer, is connected to the system to produce offline 
high quality CPT hardcopy. The data acquisition and reduction software in 
REVEGITS are programmed around the Turbo Pascal version 4.0 language 
environment by Borland International and the HALO ’88 graphics library by Media 
Cybernetics. Figure 3.4 depicts the REVEGITS’ data acquisition and reduction 
hardware. The plotter showed in this figure is HP 7475A.
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The REVEGITS’ depth measurement system consists of a displacement 
transducer manufactured by Fugro-McClelland. The displacement transducer works 
via a bi-directional optical incremental shaft encoder driven by a pulley. Figure 3.6 
depicts the depth measurement system set up.
Further information about REVEGITS’ data acquisition software is available 
in Chen (1990).
32 2 2 . The MQSC Truck Data Acquisition and Reduction System
An automated data acquisition technique was developed for the MQSC truck 
system by Fugro-McClelland, Inc. One operator can perform all testing tasks, 
eliminating the personnel and time required in conventional data logging.
Cone resistance and the combined cone and local side friction resistance 
readings are taken at 2 cm intervals, or about 15 readings per foot. The electrical 
signal is continuously transmitted to an on board portable Grid 386 personal 
computer, running at 20 MHz. In this computer, the signal is simultaneously 
digitized, displayed on the screen in the form of a line graph, and stored in the 
sounding data file. Plotting and printing capabilities are available. Figure 3.6 shows 
a general view of the on board computer system.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
41
3 2 3 . Cone Penetrom eters
Figure 3.7 shows the three different electronic friction cone penetrometers 
used in the field testing program. Calibration data for all cone penetrometers used 
in the field testing program are presented in Appendix 2. A brief description of all 
cones is given below:
(1) The Reference Friction Cone Penetrometer: is a 35.7 mm nominal 
diameter Fugro cone penetrometer (cross-sectional area of 102 cm2) , with a friction 
sleeve area of 150 cm2 and a cone apex angle of 60°. It measures cone and local 
side friction resistance. The Fugro cone, as usually referred to in the geotechnical 
community, is a subtraction type probe with unequal end areas (area ratio = .45), 
built-in amplifiers and an incorporated slope sensor.
(2) The MQSC Penetrometer: is a Fugro-McClelland small size cone 
penetrometer which can be viewed as a scaled down version of the full size 10 cm2 
reference Fugro penetrometer. It is a 1.27 cm nominal diameter subtraction type 
penetrometer (cross-sectional area of 1.27 cm2), with a friction sleeve area of 25.14 
cm2, cone apex angle of 60°, and unequal end area ratio of .75. It measures cone 
resistance and combined cone and local side friction resistance.
(3) The 15 cm* Cone Penetrometer: is a 43.7 mm nominal diameter Fugro 
cone penetrometer (cross-sectional area of 15 cm2), with a friction sleeve area of
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200 cm2 and a cone apex angle of 60°. It measures cone and local side friction 
resistance. The Fugro cone is a subtraction type with unequal end area ratio of .59, 
built-in amplifiers and an incorporated slope sensor.
(4) The 15 cm2 Dual-Piezocone Penetrometer: is similar to the 15 cm2 Fugro 
friction penetrometer with the additional capability of measuring pore pressure 
behind the friction sleeve in addition to the pore pressure measurement at the cone 
tip.
3 3 . Description of Test Sites
The sites sounded in order to evaluate scale effects in this field test program 
are classified as natural grade soils and embankments.
Five representative sites encompassing a wide range of sandy, silty and clayey 
soils were selected for the field test program. Two compacted embankments and 
three natural grade soils were investigated. Only one of the sites, the Big River 
Industries, is not a part of the State highway system under the jurisdiction of the 
Louisiana Department of Transportation. The names given to the places indicate 
only their general location. Relevant information about the sites studied are given 
below.
(1) Big River Industries is a recent alluvium soil with predominance of
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inorganic clays of high plasticity. Some pockets of organic silt clays of low plasticity 
and organic clays of medium to high plasticity are also present in the soil profile. 
It is located on U.S. 190, approximately 20 miles West of Baton Rouge, Louisiana. 
The ground water was observed at 1 m.
(2) Highland Road (Natural Ground) is also a recent alluvium soil with 
predominance of silty clays to clays, clayey silts to silty clays, and inorganic clays of 
high plasticity. It is located near to the intersection of 1-10 and Highland Road, 
South, in Baton Rouge, Louisiana.
(3) Iowa (Natural Ground) is a terrace soil with predominance of sandy silts 
to clayey silts, clayey silts to silt clays, sands to silty sands, sands, and of silty clays 
and clays pockets. It is located in the vicinity of the intersection of 1-10 and the U.S. 
165, North, close to Iowa, Louisiana.
(4) Highland Road (Embankment) is a silty clay/clayey silt embankment. It 
is located on the median section of the embankment at the intersection of 1-10 and 
Highland Road, in Baton Rouge, Louisiana.
(5) McElroy Swamp (Embankment) test section is predominantly sands to 
silty sands, silty clays, and clays pumped from the Mississippi River into the highway 
grade line in the mid 60’s. It is located at mile 191 on 1-10, median section, 
approximately 40 miles SE of Baton Rouge, Louisiana.
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3.4.1. Field Testing Program
Sounding generally 10 m deep were performed in three natural grade and 
two highway embankment soils. At each chosen location, five sounding apiece were 
executed with the reference and 15 cm2 cone penetrometers, and three sounding 
were performed with the MQSC. Continuous penetration tests spaced 2 meters from 
each other and at a penetration rate of 2 cm/sec were a standard in the field test 
program, in accordance with the International Reference Test Procedure (ISSMFE, 
1988).
A question of concern was the influence of the generated pore pressures 
during penetration on cone penetration readings for the three different cones (i.e., 
problem of unequal end areas) led to the use of piezocone in at least one of the 
sites studied. The Big River Industries site was chosen for piezocone penetration 
tests, and two sounding were executed with the LSU/Fugro 15 cm2 dual-piezocone 
penetrometer.
The influence of wear of cone tip and friction sleeve on cone resistance was 
also addressed in this research. The Iowa (natural ground) site was chosen for this 
purpose, and three sounding were performed with a brand new tip and friction 
sleeve attached to the MQSC. Considering that the same cone penetrometer body
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and load cells were previously used at this site with a 1000 m penetration length tip 
and friction sleeve, the sounding performed with the brand new cone allowed for 
comparison between the MQSC cone penetration resistance measurements before 
and after wear.
Figure 3.8 depicts the field testing program layout adopted in this 
investigation. It was intended to perform sounding 10 m deep at each site with the 
three different cross-section cone penetrometers. However, limitations in the MQSC 
thrust system capacity prevented that depth to be reached at Highland Road (natural 
ground).
3.4.2. Field Testing Program Results
The results of all the cone penetration tests performed in the field testing 
program at the five chosen sites are given in Appendix 1. A total of seventy sounding 
were executed in the field testing program. The test numbers, cone types and 
penetration depths of tests performed in each site are given below.
(1) Big River Industries Site (Natural Ground):
Test Number Cone Type Penetration Depth












LSU 001 10 cm2 11.2
LSU 002 10 cm2 10.4
LSU 003 10 cm2 10.0
LSU 004 10 cm2 10.0
LSU 005 10 cm2 10.0
LSU 006 15 cm2 10.0
LSU 007 15 cm2 10.0
LSU 008 15 cm2 10.0
LSU 009 15 cm2 10.0
LSU 010 15 cm2 10.0
LSU 011 15 cm2 (dual-piezocone) 9.0
LSU 012 15 cm2 (dual-piezocone) 9.0
(2) Highland Road Site (Natural Ground):





LSU 001 15 cm2 11.0
LSU 002 15 cm2 11.0
LSU 003 15 cm2 11.0
LSU 004 15 cm2 11.0
LSU 005 15 cm2 11.0
LSU 006 10 cm2 11.0
LSU 007 10 cm2 11.0
LSU 008 10 cm2 11.0
LSU 009 10 cm2 11.0
LSU 010 10 cm2 11.0
(3) Iowa Site (Natural Ground):





LSU 001 10 cm2 11.0
LSU 002 10 cm2 10.3
LSU 003 10 cm2 11.0
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LSU 004 10 cm2 10.0
LSU 005 10 cm2 10.0
LSU 006 15 cm2 10.1
LSU 007 15 cm2 10.0
LSU 008 15 cm2 10.0
LSU 009 15 cm2 10.4
LSU 010 15 cm2 10.0
(4) Highland Road Site (Embankment):





LSU 001 10 cm2 11.0
LSU 002 10 cm2 11.0
LSU 003 10 cm2 11.0
LSU 004 10 cm2 11.0
LSU 005 10 cm2 11.0
LSU 006 15 cm2 11.0
LSU 007 15 cm2 11.0
LSU 008 15 cm2 11.0
LSU 009 15 cm2 11.0
LSU 010 15 cm2 11.0
(5) McElroy Swamp Site (Embankment):
















LSU 001 10 cm2
LSU 002 10 cm2
LSU 003 10 cm2
LSU 004 10 cm2
LSU 005 10 cm2
LSU 006 15 cm2
LSU 007 15 cm2
LSU 008 15 cm2
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LSU 009 15 cm2 11.0
LSU 010 15 cm2 11.0
Averaged sounding data plots for each site are shown in Figures 3.9 to 3.25. 
Figures 3.9 and 3.10 depict plots of average cone resistance and friction ratio for all 
the sites investigated in the field testing program, using the reference cone 
penetrometer. Figures 3.11 to 3.25 show plots of average cone resistance, local side 
friction resistance and friction ratio of each site, considering the MQSC, the 
reference and the 15 cm2 cone data plotted in the same profile.
Figures 3.26 to 3.30 display plots of the MQSC, reference and 15 cm2 cone 
penetrometers data when considering all sites plotted sequentially as an adjoining 
continuous sounding. In this fictitious profile, the averaged CPT data from each site 
investigated are displayed sequentially, creating a fictitious profile with an imaginary 
sounding depth and a substantial size data file to be used in computational analysis. 
Figures 3.26 to 3.28 present plots of cone resistance, local side friction resistances 
and friction ratio; and, Figures 3.29 and 3.30 introduce ratio plots of cone and local 
side friction resistance between the MQSC and reference cone, and between the 15 
cm2 and reference cone, respectively.
The influence of unequal end area ratio on cone resistance is analyzed in 
Figures 3.31 to 3.34. Figure 3.31 depicts excess pore pressure generated at the tip 
of the 15 cm2 dual-piezocone from two sounding performed at the Big River site. 
The sounding were performed with a pre-punch of 1 meter. Figures 3.32 to 3.34
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show cone resistance (qe) and cone resistance corrected for excess pore pressure (qt), 
for the MQSC, the reference and the 15 cm* cone penetrometers. It was assumed 
that all cones would generate similar excess pore pressure distribution during 
penetration.
The influence of the wear of the cone tip and friction sleeve on cone 
penetration resistance is analyzed in Figures 3.35 to 3.44. These figures introduce 
data obtained at Iowa (natural ground) from three sounding performed with the 
MQSC with a "brand new" cone tip and friction sleeve, and three more sounding 
performed using a worn cone tip and friction sleeve that had 1000 meters of 
penetration history. The sounding performed with the 'brand new" and "worn" tips 
and friction sleeves were performed on the same alignment, 1 meter away from each 
other. Figures 3.35 and 3.36 present cross-sections of the MQSC with a 'brand new" 
cone tip and friction sleeve, and the worn cone tip and friction sleeve, respectively. 
Figures 3.37 to 3.40 display cone and local side friction resistances for the MQSC 
with the 'brand new" and "worn" tip and friction sleeve. Figures 3.41 to 3.43 
introduce plots of averaged cone resistance, local side friction resistance and friction 
ratio when considering the MQSC with the 'brand new" tip and friction sleeve, and 
with the "worn" tip and friction sleeve. The averaged values of cone penetration 
resistance were obtained for a sand layer between the depths of 2.2 and 3.8 m. 
Finally, Figure 3.44 shows a plot of cone penetration resistance ratios between the 
'brand new" and the "worn" tips and friction sleeves.
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The statistical analysis was directed to the comparative study of the pooled 
profiles. It considers the pooled data from all sites, accounting for c. 2400 
observations with each cone penetrometer type. A simple linear regression model 
(Neter et. al., 1985) was used to determine the relationships between the reference, 
MQSC and 15 cm2 cone penetrometer data. The MQSC and 15 cm2 cone 
penetrometer measurements were regarded as the response variables, and the 
reference penetrometer measurements as the independent variable. The model was 
stated as follows:
Y = /?„ + /», X, + e, (1)
where:
Y ,: Value of the response variable in the i,h trial;
Regression parameters;
X ,: Value of the independent variable in the ith trial; 
e ,: error terms which are independent N(0, a2 );
Results of the linear regression analysis applied to the MQSC and 15 cm2 
penetrometer data versus the reference penetrometer data are summarized below. 
The units of qc, f, and R, are given in kg/cm2, kg/cm2 and percentage, respectively. 
The regression analysis directed to the evaluation of local side friction resistance and 
friction ratio performance of the MQSC considered the data divided into two soil
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ranges: (1) f,„ R,, - soils with qc smaller or equal to 80 kg/cm2, and (2) f,2, R,2 - soils 
with qe higher than 80 kg/cm2.
. MQSC versus Reference Penetrometer:
Qc(io cm2) =  “* 3 5 9  +  .8 6 1  * q^MQso ( 2 )
f»1(10em2) =  * 2 3 4  +  . 8 3 6  * f s1(MQSd ( 3 )
^82(10 cm2) ~  . 4 9 7  +  1 .1 1 5  * f,2(MQSC) ( 4 )
R.K10 cm2) =  3 . 1 9 6  +  . 5 1 1  * R f1(MQSC) ( 5 )
Rf2{10 cm2) =  1 * 2 7 0  +  1 .3 3 0  * R ( 2(MQSC) ( 6 )
. 1 5  cm2 versus Reference Penetrometer:
Qc(1 0 cm2) =  "*729 +  1 .0 5 5  * qc(1 5 cm2) ( 7 )
f« io  cm2, =  * 0 1 9 7  +  1 .1 5 0  * f , (1Scm2) ( 8 )
Rf(10cm2) =  * 8 1 2  +  .9 3 1  * R f(1s cm2) ( 9 )
Table 3.1 shows descriptive statistics for each cone penetrometer from 
averaged sounding data. Table 3.2 gives descriptive statistics of differences between 
cone resistance, local side friction resistance and friction ratio of the MQSC and 15 
cm2 cone penetrometers, and the reference penetrometer.
Figures 3.44 to 3.48 depict scatter plots of cone and local side friction 
resistances of the MQSC and 15 cm2 cone penetrometers versus the reference probe 
data.
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Figures 3.49 to 3. 53 show cone resistance, local side friction resistance and 
friction ratio plots of the MQSC and 15 cm2 penetrometers corrected via linear 
regression equations and correction factors, and of the reference cone penetrometer.
These results will be used in the next section to make inferences on scale 
effects between the reference and the MQSC and 15 cm2 cone penetrometer.
The influence of soil variability on cone penetration resistance is briefly 
addressed in this dissertation via the coefficient of simple determination (r2) between 
pairs of sounding. Table 3.3 depicts r2 of five sounding performed with the reference 
cone penetrometer at Highland Road (natural ground). An arithmetic averaged 
sounding called "average" (X) is also added to the table. The upper diagonal part 
of the table shows r2 for cone resistance, and the lower diagonal part depicts r2 for 
local side friction resistance.
3.6. Comments on the Field Testing Program Data
The statistical analysis of the data on field testing was directed to the 
estimation of the scale effect between the MQSC and 15 cm2 penetrometers and the 
reference probe.
Figures 3.9 and 3.10 reveal that the field testing program covered ranges of
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soils commonly encountered by CPT, and referred in the literature.
Table 1 shows mean (X), standard deviation (S) and coefficient of variation 
(C) values of cone penetration resistance obtained from sounding performed with 
the MQSC, the reference and the 15 cm2 penetrometers at five different sites in the 
State of Louisiana. This table suggests that cone resistance’s mean and standard 
deviation decrease with increase in cone dimensions. However, it is not possible 
to infer any conclusion regarding local side friction resistance. Although the 
relatively high values of standard deviation could minimize the strength of 
conclusions about scale effects between the MQSC and 15 cm2 penetrometers and 
the reference, the decrease in cone resistance with increase in cone diameter could 
be viewed as a pattern that would reflect the existence of scale effects among the 
cones studied. If there is a pattern, it seems that it can not be explained solely by 
soil variability, taking into account that the adopted field testing program layout 
minimized the soil variability influence on cone penetration resistance. Also, the 
decrease in standard deviation with increase in cone diameter could reinforce the 
thesis of higher capability of a miniature cone to capture more of the soil variability 
than a large dimension cone penetrometer.
Inferences about difference between the MQSC and the reference 
penetrometers, and the 15 cm2 and the reference penetrometers’ population means, 
matched large samples, were also addressed in the statistical analysis, taking into 
account the pooled field data. Considering the a risk to be controlled at .001 level
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when the difference between the population means is zero (i.e., v, - ih =0), and 
assuming that the population differences are approximately normally distributed, 
the standardized test statistics turned out as follows (Neter et al., 1988):
. Test Alternatives:
. H0: *i, - -  0
. H,: * 0
in which /*, = 10 cm2 cone penetrometer population mean, n2 = MQSC and 15 cm2 
cone penetrometer population means.
. Test Statistic:
. z = (D)/S{D>
. S{D}2 = S22 = SDz/n  
in which z = test statistic, D = samples difference mean, SD2 = samples difference 
variance, n = number of observations in each sample.
. MQSC versus Reference Penetrometer:
.Cone Resistance: z = -17.51 
. Local Side Friction Resistance: z* = 23.28 
. Friction Ratio: z* = 39.20
. 15 cm2 versus Reference Penetrometer:
. Cone Resistance: z = 6.02
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. Local Side Friction Resistance: z = 37.7 
. Friction Ratio: z = 24.29
. z(l - a/2) = z(.9995) = 3.29 (From Cumulative and percentiles of the 
Standard Normal Distribution; Neter et al., 1988)
Since all z in absolute value are higher than z(.9995), it can be concluded 
that alternative H, governs (i.e., that there are significant differences in the 
population means).
Visual analysis of the Figures 3.11 to 3.30 also suggest presence of scale 
effects between the MQSC and 15 cm2 and the reference cone penetrometer data. 
Figures 3.49 to 3.53 depict the MQSC and 15 cm2 penetrometers’ cone resistance, 
local side friction resistance and friction ratio corrected via linear regression 
equations. From an engineering point of view, as depicted in Figure 3.50, a 
multiplication factor of 0.85 can be used effectively to correct the MQSC cone 
resistance in order to obtain the reference penetrometer cone resistance (i.e., qc00eni2) 
= .85 * q̂ Mosc))- A division factor of .85, as showed in Figure 3.52, also can be 
used to correct the 15 cm2 penetrometer local side friction resistance in order to 
obtain the reference local side friction resistance (i.e., f„10 cm2) = (1/.85) * f*(1S cm2))'
The MQSC’s local side friction resistance and friction ratio should be corrected via 
linear regression equations considering two ranges of cone resistance: (1) soils with 
qc equal or smaller than 80 kg/cm2, and (2) soils with qc higher than 80 kg/cm2. No
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significant correction is necessary for cross-correlating cone resistance of the 
reference and 15 cm2 cross-section penetrometers. An optional linear regression 
equation is presented, however, for academic purposes.
The influence of unequal cone end area ratios on cone penetration resistance 
is addressed in Figures 3.31 to 3.34. The analysis is based on the assumption that 
cone diameter does not affect the excess pore pressure distribution during cone 
penetration (Juran and Tumay, 1989). These figures suggest that the different cone 
end area ratio do not significantly affect the measured cone resistance. From these 
figures, it is evident that all cones show similar qt and qc trends with penetration 
depth. Also, considering that the unequal end area ratios of the MQSC, the 
reference and the 15 cm2 cones are .75, .45 and .59, respectively, it was expected 
that the MQSC could give higher cone resistance than the 10 and 15 cm2 cones. 
Also, it was anticipated that the reference penetrometer could give smaller cone 
resistance than the 15 cm2 penetrometer. Although the first part of the expectation 
came to be true, the second one was not verified, giving the reference higher cone 
resistance than the 15 cm2 penetrometer. However, these conclusions can be biased 
by the relative shallow sounding depths (9 m) and type of soil (soft clay), which 
generated relatively low excess pore pressure during cone penetration.
Wear of cone tip and friction sleeve is analyzed in Figures 3.35 to 3.44. 
Figures 3.41 to 3.43 clearly illustrates that the cone with the "brand new" tip and 
friction sleeve gave lower friction ratio, cone and local side friction resistances than
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the cone with the "worn" tip and friction sleeve. This fact contradicts finding 
associated to cone penetrometers following the Dutch Standard NEN 3680, and 
reported by Jekel (1988). This author related that "...for sand the friction ratio (the 
ratio of the recorded local friction and cone resistance) decreased for a particular 
cone with increasing penetration length. After a penetration length of 500 m the 
friction ratio was only 55 % of its original value." Apart of soil variability influence, 
an explanation for the decrease in friction ratio with increase in penetration length 
observed in this investigation, in contrast with Jekel’s reported results, could be 
based on a different wear pattern of the friction sleeve of the MQSC and the 
reference penetrometer. Jekel refers that "...the wear pattern of the sleeve and tip 
appears to be conical. The top edge of the sleeve wears more than the bottom 
edge." A view of a cross-section of the MQSC with the "brand new" and "worn" cone 
tips and friction sleeves is showed in Figures 3.35 and 3.36. From these figures, it 
is apparent that the conical wear pattern verified for the standard cone is not 
verified for the MQSC. It seems that the MQSC sleeve wear pattern has changed 
to a cylindrical form. Also, an accentuated wear of the MQSC’s tip on the tip 
section close to the friction sleeve end is verified.
The influence of soil variability in CPT is briefly analyzed in Table 3, using 
the r2 between pairs of sounding performed at Highland Road (natural ground) with 
the reference cone penetrometer. Assuming that the influence of soil variability 
on CPT can be inferred in a primary basis from the coefficient of determination, 
and considering that are significant increases in r2 when comparing the paired
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individual sounding with the individual sounding versus the arithmetic averaged 
sounding (X), it is possible to conclude that the use of averaged sounding data 
substantially improves the capability of the CPT in capturing site soil variability.
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3.7. Tables and Figures
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Table 3.1. Descriptive Statistics: Field Testing Program Data (all sites, pooled 







X S C(%) X s . C(%)
1.27 37.59 36.98 98.38 0.87 0.53 60.92
10 31.64 35.39 111.85 1.05 0.55 52.38
15 30.77 32.86 106.79 0.91 0.47 51.65
X - sample mean 
S - sample standard deviation 
C - sample coefficient of variation
Table 3.2. Descriptive Statistics on Differences: Field Testing Program 
Data (all sites, pooled data, n = 2351 observations)
DIFFERENCES qc (kg/cm2) f. (kg/cm2) R ,(% )
D SD2 D SD2 D SD2
10CM2-1.27CM2 -.4894 1.8358 .1897 .1561 1.267 2.456
10CM2-15CM2 .0759 .3737 .1463 .0354 .5139 1.053
D - samples difference mean 
SD2 - samples difference variance
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
61
Table 3.3. Coefficient of Determination (r2) Matrix: Highland Road (natural 
ground), Reference Cone Penetrometer. Upper diagonal part of table 
shows r2 for cone resistance, and lower diagonal part shows r2 for local 
side friction resistance.
SOUNDING 1 2 3 4 5 X
1 1 .38 .32 .33 .34 .62
2 .33 1 .40 .50 .35 .74
3 .32 .38 1 .76 .62 .77
4 .33 .45 .59 1 .69 .83
5 .26 .51 .63 .60 1 .75
X .62 .73 .75 .76 .76 1
X - arithmetic average of 5 sounding performed at Highland Road (natural 
ground)
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Figure 3.1. General View of the LSU REVEGITS
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Figure 3.2. Details of the REVEGITS Penetration Thrust System
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Figure 3.3. General View of the MQSC Penetration System
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Figure 3.4. REVEGITS Data Acquisition and Reduction System
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Figure 3.5. REVEGITS Depth Measurement System
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Figure 3.6. MQSC Data Acquisition and Reduction System
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Figure 3.7. Cone Penetrometers Used in the Field Testing Program
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FIELD TESTING PROGRAM
|  3 FRICTION CONE PENETROMETERS (1 PIEZOCONE):
. 1.27 CM2 FUGRO-McCLELLAND FRICTION CONE 
. 10 CM2 FUGRO FRICTION CONE
. 15 CM2 FUGRO FRICTION CONE (15 CM2 FUGRO PIEZOCONE)
|  SITES IN LOUISIANA -  U.SA
. 3 NATURAL GRADE SOLS 
. 2 EMBANKMENTS
|  FIELD LAYOUT:
. SOUNDINGS 2 M FROM EACH OTHER
f  i  |  i i 1 5  CM2 ( 5  SOUNDINGS: PIEZOCONE: 2  SOUND.) 
•  1 0  CM2 ( 5  SOUNDINGS)
■ i  i  i  I
i  1 .2 7  CM2 (3  SOUNDINGS)
I  > I  •
|  SOUNDING INFORMATION:
. NUMBER OF SOUNDINGS PERFORMED: 70 SOUNDINGS 
. AVERAGE DEPTH: 10 METERS
Figure 3.8. Field Testing Program Layout
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Figure 3.9. "Reference" Cone Resistance: Average of 5 sounding at each of the 
five sites in Louisiana
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Figure 3.10. "Reference" Friction Ratio: Average of 5 sounding at each of the five 
sites in Louisiana
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Figure 3.11. Averaged Cone Resistance: Big River (natural ground)
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Figure 3.12. Averaged Local Side Friction Resistance: Big River (natural ground)
































Figure 3.13. Averaged Friction Ratio: Big River (natural .ground)
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Figure 3.14. Averaged Cone Resistance: Highland Road (natural ground)
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Figure 3.15. Averaged Local Side Friction Resistance: Highland Road (natural 
ground)






























15, 10 AND 1.27 CM2 CONES DATA
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Figure 3.17. Averaged Cone Resistance: Iowa (natural ground)
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Figure 3.18. Averaged Local Side Friction Resistance: Iowa (natural ground)
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Figure 3.20. Averaged Cone Resistance: Highland Road (embankment)
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Figure 3.21. Averaged Local Side Friction Resistance: Highland Road 
(embankment)
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Figure 3.23. Averaged Cone Resistance: McElroy Swamp (embankment)
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Figure 3.24. Averaged Local Side Friction Resistance: McElroy Swamp 
(embankment)





n ^ n N f ' e o i H M o i i ^ n N e
I
CM
2 C M  CM







(x) ouvu  nouoiuj
3.25. Averaged Friction Ratio: McElroy Swamp (embankment)
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Figure 3.26. Averaged Cone Resistance (pooled profiles)
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Figure 3.27. Averaged Local Side Friction Resistance (pooled profiles)
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Figure 3.28. Averaged Friction Ratio (pooled profiles)
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Figure 3.29. Cone Resistance Ratios (pooled profiles)
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Figure 3.30. Local Side Friction Resistance Ratios (pooled profiles)






























S ♦ M e
Z
£uio
(zrio/oM ) aunssaud auod ssaoxa
Figure 331. Excess Pore Pressure Measured at Tip of the 15 cm* Dual-Piezocone: 
Big River (natural ground)
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Figure 332. Averaged Cone Resistance (qe): Big River (natural ground)
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Figure 3.33. Total Cone Resistance (qt): Big River (natural ground)
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Figure 3.34. Averaged Cone Resistance (qe) and Total Cone Resistance (qt): Big 
River (natural ground)
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Figure 335. Transverse Section of the MQSC with Brand New Cone Tip and 
Friction Sleeve
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Figure 3.36. Transverse Section of the MQSC with a 1000 m Penetration Length 
Cone Tip and Friction Sleeve
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Figure 337. Cone Resistance from Three Sounding Performed at Iowa (natural 
ground): Brand new cone tip and friction sleeve
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Figure 338. Local Side Friction Resistance from Three Sounding Performed at 
Iowa (natural ground): Brand new cone tip and friction sleeve
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Figure 339. Cone Resistance from Three Sounding Performed at Iowa (natural 
ground): 1000 m penetration length cone tip and friction sleeve
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Figure 3.40. Local Side Friction Resistance from Three Sounding Performed at 
Iowa (natural ground): 1000 m penetration length cone tip and 
friction sleeve
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Figure 3.41. Averaged Cone Resistance at Iowa (natural ground): Brand New and 
1000 m penetration length cone tips and friction sleeves
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Figure 3.42. Averaged Local Side Friction Resistance at Iowa (natural ground): 
Brand new and 1000 m penetration length cone tips and friction 
sleeves
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Figure 3.43. Averaged Friction Ratio at Iowa (natural ground): Brand new and 
1000 m penetration length cone dps and fricdon sleeves
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Figure 3.44. Ratios Between Cone Resistance, Local Side Friction Resistance and 
Friction Ratio at Iowa (natural ground)
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Figure 3.45. Scatter Plot of Cone Resistance (pooled profiles): MQSC versus 
reference cone penetrometer
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Figure 3.46. Scatter Plot of Local Side Friction Resistance (pooled profiles): MQSC 
versus reference cone penetrometer
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Figure 3.47. Scatter Plot of Cone Resistance (pooled profiles): 15 cm2 cone 
penetrometer versus reference cone penetrometer


































1  i i i i f i i i i i i i— r
« 8 ! 5 r  5 S s a  ̂ 3 8 3 S °
vano/OMi sn o  a  sow jstsaM  nouomj
Figure 3.48. Scatter Plot of Local Side Friction Resistance (pooled profiles): 15 cm2 
Cone penetrometer versus reference cone penetrometer
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Figure 3.49. Cone Resistance (pooled profiles): MQSC and 15 cm2 penetrometer 
data corrected via simple linear regression equations
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Figure 3.50. Cone Resistance (pooled profiles): MQSC data corrected via simple 
linear regression equation and correction factor
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Figure 3.51. Local Side Friction Resistance (pooled profiles): MQSC and 15 cm2 
data corrected via simple linear regression equations
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Figure 3.52. Local Side Friction Resistance (pooled profiles): 15 cm2 penetrometer 
data corrected via simple linear regression equation and correction 
factor
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Figure 3.53. Friction Ratio (pooled profiles): MQSC and 15 cm2 penetrometer data 
corrected via simple linear regression equations




Conventional laboratory tests routinely performed in road engineering 
for characterizing and defining engineering properties of natural grade soils and 
embankments can be grouped as follows: Sieve Analysis, Atterberg Limits, 
Compaction (Standard Proctor and Modified), California Bearing Ratio (CBR), and 
other strength and compressibility tests (unconfined, triaxial and oedometer). Soil 
parameters obtained from the Proctor and CBR tests executed at the Standard and 
Modified AASHTO compactive efforts are among those most frequently used in 
road engineering for design and construction control. Each level of compactive 
effort is typically related to the required compaction characteristics of natural grade 
soils and embankments of roads. Consequently, parameters such as CBR, optimum
115
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water content (wopt) and maximum dry density (nfdmax) become design and construction 
control characteristic elements in road engineering.
Initially, the laboratory test phase of the present research envisioned the 
development of a preliminary test program on selected types of soils in order to 
establish the basis for calibrating a miniature cone penetrometer, the MQSC, to be 
employed in construction control of road embankments in the State of Louisiana. 
Calibration is to be understood in the context of generating correlations between 
cone penetration resistance and soil parameters of interest such as CBR, wopt and 
7 dmax for the construction control of embankments. The preliminary laboratory test 
program was intended to encompass the following steps:
(1) To prepare a laboratory reliable apparatus, i.e. a flexible wall calibration 
chamber, suitable for allowing the calibration of MQSC in different types of soils. 
The types of soils selected for the laboratory testing program would comprise the 
range of soils in the field that are under the scope of applicability of the quasi-static 
cone penetration test (i.e., sand, silt and clay), as generally reported in geotechnical 
engineering;
(2) To perform traditional laboratory tests on the soils selected for this study. 
These tests were to include the determination strength and deformation 
characteristics of the soils under study;
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(3) To perform a laboratory testing program using the apparatus introduced 
in item (1) to measure cone resistance (MQSC) over a range of maximum dry 
density and vertical stress levels;
(4) To develop empirical correlations between cone penetration resistance 
measurements, e.g. cone tip resistance (qc) and friction ratio (R,), and soil 
parameters of interest to road engineering design and construction control, such as: 
maximum dry density ('rdm,x), California Bearing Ratio (CBR) and internal friction 
angle ($);
(5) To indicate possible extensions of the work undertaken to future 
analysis, such as: influence of the changes in the soil type, compactive effort and lift 
thickness.
In an attempt to include a wide experimental range, five (5) types of soils 
were envisioned for the laboratory testing program. Three of these soils were to be 
well documented materials that would portray a calibration basis. The first soil 
candidate for this study was to be Monterrey sand No. 0, a sand of nationally known 
geotechnical engineering properties; the second soil was to be silt from a 
construction site near Terre Haute in West Indiana; and, the third candidate was to 
be a mixture of 50% of Georgia kaolinite (a soil acquired from Georgia Kaolin 
Company of Elisabeth, New Jersey) and 50% of Terre Haute Silt. The second and 
third soils have been extensively used in researches at Purdue University, and are
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well documented by Huang (1986). The two other soils selected for this laboratory 
test program were to be representative of those commonly encountered and/or used 
in road engineering for the construction of embankments in the State of Louisiana. 
These two soils were to have grain size distributions between sand-silt and silt-clay, 
respectively, and would be furnished by the Louisiana Transportation Research 
Center (LTRC).
Initially a cylindrical calibration chamber approximately 14" high and 10" in 
diameter, and housing a sample around 50 lb, was expected to be prepared and used 
for testing compacted soil samples in the present study. Also, all penetration tests 
were supposed to be carried out under boundary condition 1, i.e. constant vertical 
stress and constant lateral stress. It was expected that this program of study would 
furnish guidelines for further studies encompassing the range of soils in the field 
which are commonly used in road engineering as material for embankment 
construction.
As the project developed, the possibility of building a larger calibration 
chamber, and therefore the chance of testing soil samples without the extreme 
constraints of the boundary effects generated by the small size chamber previously 
suggested, became a reality. A larger chamber housing a sample around 800 lb was 
then built for testing purpose. This fact necessitated a substantial change in the 
scope of the laboratory testing program. An elaborate crane system for moving soil 
samples and calibration chamber parts had to be implemented and a large dimension
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automatic tamper and compaction system hat to be designed and fabricated for 
preparation of compacted soil samples. A brand new conception of panel of 
controls-computer software were also introduced in order to fully control the 
calibration chamber test via a personal computer in such a way that all the 
significant test data generated during sample consolidation and penetration phases 
could be displayed in the computer screen at real time, saved in a file after each 
reading, and plotted immediately after conclusion of the test in a personalized 
format.
The unexpected changes in the initial program of study introduced complex 
problems to be solved in the course of this research. Considering the original 
proposed research, it soon became apparent that the time frame required for 
laboratory equipment design and fabrication, computer software development and 
soil sample testing was quite immense. Consequently, the study aims were narrowed. 
It was then concluded that the laboratory program of study could have to be 
restricted only to the development of a laboratory calibration chamber system that 
would ascertain proper testing of compacted soil samples under four boundary 
conditions. The goals finally adopted were as follows:
(1) Development of a reliable apparatus, the Louisiana State University 
Flexible Wall Calibration Chamber System (LSU/CALCHAS), for calibration of the 
MQSC in types of soils comprising the field range of materials that are under the 
scope of applicability of the quasi-static cone penetration test, i.e. sand, silt and clay.
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This task would involve the construction of a flexible wall calibration chamber, and 
a fully automated calibration chamber panel of controls ran by computer software 
capable of simulating typical calibration chamber boundary conditions (i.e., BC1, 
BC2, BC3 and BC4) commonly referred in the literature;
(2) To perform a representative miniature cone penetration test in a 
compacted soil sample prepared from a selected soil using the equipment 
introduced in item (1). Cone penetration resistance should be measured under 
boundary conditions 1 and 3 in a sample prepared at the AASHTO "standard" 
compaction effort and consolidated under K,, condition at a specified vertical stress 
level;
(3) To demonstrate feasibility of extensions of the work undertaken for 
future research (i.e., influence of the changes in the soil type, compactive effort and 
lift thicknesses).
In order to cover all the items involved in the laboratory test program, the 
present chapter is divided into the following sections: equipment, data acquisition 
and reduction software, test procedure and calibration chamber test results.
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The Louisiana State University Calibration Chamber System involved in the 
laboratory phase of the research program, and hereafter referred to the 
LSU/CALCHAS is presented in the following sections: calibration chamber, panel 
of controls, cone penetrometer, hydraulics and chucking system, compactor and 
compaction mold, penetration depth measurement system, auxiliary system, 
calibration chamber operation. Calibration data for the equipment related to this 
phase is presented in Appendix 3 of this dissertation.
42.1. Calibration Chamber
The LSU/CALCHAS was primary built for testing cone penetrometers under 
controlled boundary conditions. It permits the simulation of the K„ consolidation 
phase and the four (4) traditional cone penetration boundary conditions commonly 
referred in the literature. The chamber is 1.78 m (70 in) high and .64 m (25 in) 
in overall diameter. It is divided in two sections: the sample cell, and the piston cell. 
Overall, five penetration tests can be performed in the same soil sample in the 
LSU/CALCHAS via five different penetration positions in the chamber top plate. 
The stresses in the vertical and horizontal directions can be controlled
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independently. A cross-section of the calibration chamber is shown in Figure 4.1, 
and pictures of the unit are depicted in Figure 4.2.
The sample cell is a double flexible wall device that can house a soil sample 
.53 m (20.66 in) in diameter and .79 m (31.06 in) in height. It walls are made out 
of 6.35 mm (.25 in) stainless steel 304 plates rolled into cylindrical shells that are 
.91m (36 in) high. These shells are designed to withstand a maximum pressure of 
around 14 kg/cm2 (200 psi). The internal diameter of the outer and inner walls are 
.58 m (23 in) and .56 m (22 in), respectively. During testing, the soil sample is 
isolated from the cell water by a 1.59 mm (.06 in) thick rubber membrane fixed to 
the sample top and bottom plates via four (4) O-rings. The sample top and bottom 
plates are made of 6061T-6 aluminum, with dimensions .53 m (20.66 in) in diameter 
and 38.1 mm (1.5 in) and 63.5 mm (2.5 in) in height, respectively. The sample top 
plate is bolted to the chamber top plate which is a .64 m (25 in) in diameter and 
38.1 mm (1.5 in) in height 6061 T-6 aluminum plate. The sample bottom plate rests 
on a .635 m (25 in) piston cell ring built in 6061 T-6 aluminum. The chamber top 
plate, sample cell inner and outer walls, and the piston cell ring are kept together 
via twelve (12) stainless steel 304 rods 12.7 mm (.5 in) in diameter tightened with 
a torque of 70 newton-meter (around 60 foot-pounds). These twelve rods also 
constitute the chamber’s reaction frame during the penetration phase. The annular 
space between the soil sample and the sample inner wall and between the sample 
inner and outer walls will be referred as "inner sample" and "outer sample" cells, 
respectively. For testing purpose, the inner and outer sample cells are filled with
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deaired water via two water lines connected to the chamber top plate. Under testing 
conditions, water in the inner and outer cells are pressurized generating changes in 
horizontal stresses over hydrostatic.
The piston cell is also a double wall cylinder similar in diameter and material 
to the sample cell. It is .43 m (17 in) long and the inside cell space is kept free for 
various types of testing instrumentation. A 76.2 mm (3 in) .406 m (16 in) hollow 
cylinder is attached to the bottom of the inner cell. The piston inner cell rests on 
the chamber bottom plate which is .64 m (25 in) in diameter and 38.1 mm (1.5 in) 
in height. The piston cell bottom plate carries a bearing shaft that houses the piston 
and allows for its vertical movement during testing. The annular space between the 
inner and outer cell walls and some grooves at the bottom of the piston inner cell 
are filled with deaired water furnished via a water line through the walls of the 
piston cell. Under testing conditions, when this water is pressurized, the inner piston 
moves upward and generates the required vertical stress. The piston cell ring, the 
piston cell and the chamber bottom plate are kept together using 12 stainless steel 
304 rods 12.7 mm (.5 in) in diameter tightened with a torque of 47 newton-meters 
(around 40 foot-pounds).
422. Panel of Controls
The controls that regulate the operation of the chamber are grouped together
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within reach of the operator on a vertical rectangular wood panel 1.22 m x 1.96 m 
(48 in x 77 in). In order to minimize volume changes in the system, the pressure 
lines are made of 3.18 mm (.125 in) walled copper tubing. The air and water 
pressure lines are 6.35 mm (.25 in) and 9.53 mm (.375 in) in overall diameter, 
respectively. The water pressure lines are also used for filling the piston and sample 
cells with water, and that is the reason why larger diameter tubing were utilized. 
Three quick-connectors link the three water pressure lines from the panel of controls 
to the piston and sample cells. A schematic drawing and pictures of the panel are 
shown in Figures 4.3 and 4.4. The basic components in the panel of controls are:
. Fairchild Model 10 BP Precision Back Pressure Regulator: The actual 
function of this pressure regulator is to provide protection against over pressure in 
the downstream portion of the pneumatic system. In the LSU/CALCHAS this 
pressure regulator acts as a relief valve for the inner sample and outer piston cells 
in order to keep their water pressure constant during testing (as would be required 
by the boundary condition being applied to the sample during the penetration 
phase). The pressure regulator, capable of handling flows up to 40 SCFM with a 
sensitivity of .125" W.C., vents to atmosphere when the downstream pressure exceeds 
a set point. The chamber panel of controls houses two units in the range of 2 to 150 
psi.
. Fairchild Model T 5700 Electro-Pneumatic Transducer: This transducer 
converts electrical signals to linear pneumatic signals. It is immune to problems of 
supply pressure changes in the range of 18 to 150 psi, and works in the input range
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of 0 to 10 volts DC. The chamber control panel houses four transducers covering 
the output pressure ranges of 5.6 to 30 psi and 3 to 120 psi, in a lower/upper range 
option. Two of these transducers are used in the piston cell operation during the 
Ko consolidation phase, and the two others provide pressure compensation between 
the inner and outer sample cells during Ko consolidation and penetration phase, if 
required.
. SenSym ST 2000 Pressure Transducer: It is a fully temperature compensated 
and signal conditioned transducer that provides a high level voltage output. 
Accuracy is within -.5 to .5 percent with an output voltage range of 1 to 6 V. The 
transducer’s rugged stainless steel package provides excellent resistance to shock and 
vibration. The chamber control panel houses five transducers in the ranges 0 to 30 
psi and 0 to 100 psi, in a lower/upper range option. Two transducers are connected 
to the water line related to the piston cell operation, two others are in the water line 
directed to the inner sample cell, and one in the range 0 to 30 psi is connected to 
the outer sample cell water line.
. Marsh Process Gauge: The gauge is 114.3 mm (4.5 in) dial size with 
phenolic construction in a safe case design. Five process gauges in the range of 0 
to 100 psi and accuracy in the range of -.5 to .5 percent are connected to the 
chamber panel of controls. Three gauges are used to provide a visual check on 
pressure in the lines, sample cell and piston cell during testing. The gauges measure 
air pressure going into the air-water cylinder and water pressure in the annular space
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between the sample and the sample inner wall. Two others Marsh pressure gauges 
are connected to the back pressure regulators in order to allow for their calibration, 
if necessary.
. Air-Water Systems: The air-water systems used in the control panel are two 
PVC Schedule 240 cylinders, with high pressure caps glued to the top and bottom. 
These cylinders are connected to the piston and the sample cells, respectively. The 
cylinder connected to the sample cell is 12.7 cm (5 in) overall diameter and 30.48 
cm (12 in) high, and the one associated to the piston cell is 30.48 cm (12 in) overall 
diameter and 78.74 cm high (31 in). The cylinders are filled with water and air in 
a 90% to 10% proportion, respectively, with an oil interface to minimize air/water 
absorption.
4.2.3. Cone Penetrometer
The MQSC is the same miniature cone penetrometer used in the field testing 
program. It is a 1.27 cm2 cross-sectional area subtraction type Fugro-McClelland 
cone penetrometer, with a friction sleeve 6.3 cm long and an apex angle of 60°. It 
measures cone resistance and the combined cone and local side friction resistances. 
The MQSC push rod is a 9.53 mm (.375 in) overall diameter 204 stainless steel rod 
1.82 m ( 6 ft) long. It is connected to the cone tip, down hole, and to a ten pin 
electric plug on the up hole end. The calibration procedure for the MQSC uses a
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dumb tip and a doughnut for calibrating tip and sleeve, respectively. Pictures of the 
MQSC and its calibration set up developed for this research are shown in Figures 
4.5 and 4.6.
4.2.4. Hydraulics and Chucking System
The hydraulic system consists of a drive jack that acts as a push jack for the 
cone penetrometer. It allows the cone and push rod to pass through it, has a stroke 
of around 15 cm (.5 ft), and a push rate controlled via a flow valve. In the 
LSU/CALCHAS, the push rate is set for 2 cm/sec. The push jack is connected to 
a special sleeve which contains the chucking system. The chucking system applies 
a grabbing force to the push rod and advances or extracts the cone from the soil 
sample, depending on the selected direction of movement. Figure 4.7 depicts the 
push jack, grabbing system and hydraulics, individually. A new hydraulic and push 
jack system that allows for penetrating the chamber soil sample in one single stroke,
i.e. push jack with .79 m (31 in) stroke, as well as for testing different cone 
penetrometer diameters in the LSU/CALCHAS was also designed and fabricated 
for this research and is shown in Figure 4.8.
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4.2.5. Automatic Tamper and Compaction Mold
An automatic tamper was designed and fabricated for the investigation of the 
effect of compaction parameters on MQSC results conducted on compacted soil 
samples .53 m (20.66 in) in diameter and .79 m (31.06 in) in height which will be 
tested in the LSU/CALCHAS.
The automatic tamper is composed of a 2 HP/1710 rpm Dayton adjustable 
speed motor drive resting on a 63.5 cm x 63.5 cm x 1.27 cm (25 in. x 25 in. x 1/2 in.) 
steel plate, a fly-wheel 63.5 cm (25in.) in diameter, a 2.44 m (96in.) high steel frame, 
steel cable and pulley system, and grabber. At each revolution of the motor driven 
fly-wheel, the grabber picks up the dual pie-shaped rammer while it rests on the 
specimen, rises it to a specified drop height and releases the rammer for a free fall 
drop. Therefore, a drop is always relative to the specimen elevation every time. 
The distribution of blows is uniform over the surface of the soil sample and it is 
controlled by a set angle of the spacer rod which rotates the Grabber as it lifts and 
circulates the rammer. A dual pie-shape face tamping head in steel with two 
symmetrical sector faces each 205 cm2 (31.8 sq. in.) is attached to a tubular steel 
shaft 3.81 cm (1 l/2in.) in diameter and 2.34 m (92 in.) long. The tamping head and 
shaft form a 70.64 kg (155.6 lb) rammer. A split compaction mold and extension 
collar 81.9 cm x 52.86 cm x .64 cm (32 1/4 in. x 20 13/16 in. x 1/4 in.) and a 20.32 
cm x 81.9 cm x .64 cm (8 in. x 32 1/4 in. x 1/4 in.), respectively, in steel are used 
in conjunction with a 52.39 cm x 7.62 cm (20 5/8 in. x 3in.) spacer disk in T-6
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aluminum. The two sides of the compaction mold and extension collar are fastened 
with nine .64 cm (1/4 in) bolts. The split compaction mold is attached to a 63.5 cm 
x 63.5 cm x 1.27 cm (25in. x 25 in. x 1/4 in.) baseplate which provides a firm base 
for compacting the soil sample. A 1.59 mm (1/16 in.) thick rubber membrane is 
affixed to the interior perimeter of the compaction mold before beginning of 
compaction. During compaction, two vacuum pumps of capacity of 1 atm apply 
vacuum at three different sections of the compaction mold. These sections are 
equally spaced along the mold height in order to keep the membrane always 
touching the internal perimeter of the compaction mold and preventing any damage. 
A seal is applied between the compaction mold half cylinders in order to allow for 
applying vacuum during sample compaction. Figure 4.9 depicts a cross-section of the 
automatic tamper, and Figure 4.10 pictures the automatic tamper, compaction mold 
and membrane, base plate, collar, spacer disk and vacuum pumps used during the 
compaction of a soil sample in the LSU/CALCHAS. A general view of the 
automatic tamper is also depicted in Figure 4.12.
4.2.6. Penetration Depth Measurement System
In order to obtain an accurate depth measurement during the penetration 
phase, an analog to digital converter depth decoding system was developed and 
incorporated to the LSU/CALCHAS. The depth decoder is composed of a metal 
disk, a light emitting diode and an optical sensor. Holes are drilled at equal
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distances on the circumference of the metal disk. As the cone penetrates the 
sample, a cable connected from the drill rod to the shaft of the disk mechanically 
turns the disk. The distance between two consecutive holes on the circumference 
of the metal disk represents a penetration of 2 cm. The light emitting diode and 
the optical sensor are installed on either side of the disk. When the light emitted 
by the diode passes a hole, the optical sensor senses the light and thus generates a 
pulse to the control unit that triggers the multiplexer to switch on the channels for 
analog to digital conversion. This process continues until the penetration motion 
is stopped. Figure 4.11 shows details of the depth decoding system developed for 
the present research.
4.2.7. Auxiliary System
The LSU/CALCHAS auxiliary system consists of a trolley crane system, a 
hanging scale and a mixer. Figure 4.12 depicts the crane system, hanging scale and 
mixer.
The crane system is comprised of a one ton crane moving in a wing beam, 
a two ton trolley crane moving on a horizontal beam supported on two transversalis 
beams in such a way that the beams-crane movement covers the total area of the 
LSU/CALCHAS. In addition, a one ton crane moving on an upper transversa beam 
provides higher working versatility. The one ton wing beam crane allows for moving
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soil samples and calibration chamber parts in and out of the laboratory; the two ton 
crane permits transfer of the soil sample from the compactor’s base plate to the 
calibration chamber and, after test, from the chamber to the floor; and, the one ton 
upper beam crane allows for accurate placement of the sample cell walls from the 
floor to the chamber and vice-versa.
The hanging scale is the MSI-3260 Challenger digital crane manufactured by 
Measurement Systems International, with a maximum load capacity of 2000 lb and 
a reading precision of 1 lb. It is integrated to the two-ton crane and used for 
determining the soil sample weight after compaction.
The mixer is a utility concrete mixer manufactured by Olympia Industrial Inc. 
with 1/3 HP motor, drum rpm of 30 - 32 and drum capacity of 3.5 cu.ft.
4.2.8. Calibration Chamber Operation
The LSU/CALCHAS allows for K,, consolidation of the soil sample and 
application of the four traditional boundary conditions commonly referred in the 
literature to the sample during a CPT. The calibration chamber operation can be 
subdivided in three steps: the consolidation phase, the penetration phase, and 
instrumentation.
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4.2.8.I. Consolidation Phase
In the LSU/CALCHAS, soil samples can be consolidated under the condition 
of zero lateral strain (KJ. Other loading paths can be simulated in the chamber 
consolidation phase, but they may require minor changes in the panel of control 
operation as well as in the computer software developed for data acquisition.
Boundary condition K„ compresses the sample under conditions of zero lateral 
strain. It simulates the loading history of a soil layer undergoing unidimensional 
compression, which can be considered as the simplest loading case for analysis, and 
is usually adopted for sample consolidation in calibration chamber research.
During K0 consolidation, the piston cell, the inner and outer cells of the 
sample are entirely filled with water. The vertical consolidation stress level is given 
via the computer keyboard, in psi. The computer software developed for this 
research allows for reaching the given consolidation stress level using successive 
stress increments via D/A conversions in the DT 2801A series data translation board 
in connection with the Fairchild model 5700 electro-pneumatic transducer mounted 
in the panel of controls. The output air pressure from the electro-pneumatic 
transducer is transmitted via an air-water system to the piston outer cell, and the soil 
sample is vertically compressed. As the sample is compressed, the increases in the 
water pressure in the sample inner cell are monitored via a SenSym pressure 
transducer installed in the panel of controls, and the computer software allows for
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an equivalent pressure to be applied to the water in the sample outer cell via D/A 
conversions using the DT 2801A data translation board and another Fairchild model 
5700 electro-pneumatic transducer from the control panel. Therefore, at all times 
the pressures in the sample inner and outer cells are matched. Since the pressures 
acting on both sides of the sample inner wall can be considered the same, this wall 
can not move. The diameter of the piston cell top plate equalizes the soil sample 
diameter, and since the sample inner cell wall can not move, the sample is 
compressed under zero average lateral strain.
During the loading phase, the vertical stresses applied, the vertical 
deformation and the lateral stresses developed are automatically recorded, saved in 
a file and displayed in the computer screen in real time during consolidation. 
Values such as stress ratio (K0), constrained modulus (M0), among others, can be 
calculated.
After vertical compression of the soil sample, the boundary condition for the 
penetration phase of the consolidated sample is selected. Overconsolidated soil 
Samples can be obtained by lowering the vertical stress from a desired 
preconsolidation pressure while still maintaining zero lateral strain conditions.
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4.2.82 . Penetration Phase
Four boundary conditions can be applied to the soil sample in the 
LSU/CALCHAS penetration phase, as follows:
BC1: constant vertical stress and 
constant lateral stress
BC2: zero vertical strain and 
zero lateral strain
BC3: constant vertical stress and 
zero lateral strain
BC4: zero vertical strain and 
constant lateral stress
For boundary condition 1, the water pressures in the piston cell and sample 
inner cell are kept constant via two Fairchild model 10 BP precision back pressure 
regulators. These regulators work like pressure relief valves for the outer piston 
and inner sample cells. Therefore, any increase in the vertical and horizontal water 
pressures generated during penetration is vented out of the system. In this boundary 
condition, cone and local side friction resistances, vertical and horizontal pressures 
in the outer piston and inner sample cells, and vertical displacement are 
automatically recorded, saved in a file and displayed at real time in the computer 
screen during penetration.
Under boundary condition 2, the soil sample should be resting on a rigid 
base, the piston cell. This can be accomplished by closing the valve between the
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piston cell and the panel of controls air-water system. Zero lateral strain is 
maintained in a similar way to the consolidation phase. Cone and local side friction 
resistances, water pressures in the sample inner and outer cells are automatically 
recorded, saved in a file and displayed in the computer screen in real time as the 
penetration test develops.
Boundary condition 3 requires that the outer piston cell water pressure 
generated during penetration be released, as well as the sample inner and outer cells 
water pressures be kept equal. This is accomplished via procedures already 
explained in BC1 and K,, consolidation. Cone and local side friction resistance, 
piston outer cell water pressure, sample inner and outer cell water pressures, and 
vertical displacement are automatically recorded, saved in a file and displayed in real 
time in the computer screen as the test advances.
Boundary condition 4 uses a rigid sample bottom base, the piston cell as in 
BC2, and requires that all water pressure generated during penetration be released. 
This is accomplished via procedures described in BC1 and BC2.
During the penetration phase, the cone penetrometer is forced into the soil 
sample by a hydraulic system connected to a grabbing device. The push jack and 
grabber are mounted on the top of the chamber top plate, and they use the chamber 
structure as a reaction frame when penetrating or removing the cone penetrometer 
from the soil sample. The speed of penetration is controlled by a hydraulic flow
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valve and is kept constant at 2 cm/sec.
Of the four possible boundary conditions for penetration, the two extremes 
are BC1 and BC3. As referred in the literature review, it is advocated that a soil 
sample in the field, if subjected to the same loading history as a calibration chamber 
sample, would have a penetration resistance which would lie between the penetration 
resistance measured from chamber boundary conditions BC1 and BC3.
4.2.83. Chamber Instrumentation
Instrumentation of the LSU/CALCHAS allows for all of the pertinent test 
data to be automatically recorded. The data to be recorded during a complete 
penetrometer test are listed below:
.Consolidation Phase:
- Vertical stress on the sample;
- Vertical deflection of the sample;
- Lateral stress developed in the inner sample cell;
- Lateral stress developed in the outer sample cell.
. Penetration Phase:
- Cone resistance;
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- Local side friction resistance;
- Cone penetration depth;
- Vertical stress on the sample;
- Vertical deflection of the sample;
- Lateral stress developed in the inner sample cell;
- Lateral stress developed in the outer sample cell.
For boundary conditions 1 and 4, the soil sample volume change can be
measured visually by measuring the volume of water flowing into and out of the
inner sample cell via a sight glass tube installed in the air-water system connected 
to the chamber sample cell.
Both the vertical and lateral stresses acting on the sample are measured using 
the mid sample height as a datum. The vertical stress on the base of the soil sample 
is measured by monitoring the water pressure developed in the piston cell. The 
lateral stresses are measured by monitoring the water pressure developed in the 
sample inner and outer cells.
The lateral and vertical pressures are measured using electrical SenSym 
pressure transducers. These transducers are located in the panel of controls, outside 
the chamber, at mid piston cell and mid sample height, respectively. To provide a 
visual check on pressures developed during testing, Marsh process gauges are used 
to monitor the lateral and vertical pressures in the panel of controls.
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The vertical deflection of the soil sample is measured by measuring the 
movement of the piston at the piston cell. A linear variable differential transducer 
(LVDT) manufactured by Trans-Tek, model number 353-000, mechanical travel of 
1.25 in, is connected to the piston in the piston cell and touching the chamber 
bottom plate. This allows the LVDT to measure the movement of the piston cell 
piston in relation to the chamber bottom plate, and hence the vertical deformation 
of the soil sample.
43. Data Acquisition and Reduction Software
A major task in the present research was to develop a data acquisition and 
reduction software capable of fully controlling the operational process involved in 
the consolidation and penetration phases of the LSU/CALCHAS. A computer code 
in excess of 7500 lines was written for this purpose. A 3.5 in floppy diskette which 
contains this software is given in Appendix 5. Besides taking into account the 
particularities common to the K„ consolidation phase and each possible boundary 
condition during the penetration phase, the software is able to handle the following 
chores:
(1). Straight forward operation without further intervention of the 
LSU/CALCHAS operator, besides the required keyboard input for 
initiating the consolidation and penetration phases;
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(2). To acquire data from eight electric transducers via an analog to digital 
conversion (A/D), and to have flexibility for acquiring data from up 
to sixteen electric transducers;
(3). To operate two transducers via digital to analog conversion (D/A);
( 4 ) . To acquire the data, append it to a file, display the pertinent readings 
in a computer screen in a graphic form at real time at their actual 
units of measurement, close the file after each batch of reading is 
taken, and to respect the time increment of 1 second for all operations;
(5). To produce offline high quality output using a printer or the HP 7475A 
plotter;
(6). To be capable of developing the graphic part of the software in a 
device-independent environment in such a way that any change in the 
output device configuration would require only the installation of the 
appropriate device driver and minimal reprogramming;
(7). To be written in a structured language in such a way that future 
implementation of the LSU/CALCHAS should require only minor 
reprogramming.
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This task was accomplished by selecting the following data acquisition 
hardware and computer language:
(1). Gateway 2000 PC 386 microcomputer, with 640 K Ram memory, 1.2 
Meg 5.25 in floppy drive, 1.44 Meg 3.5 in floppy drive, 16 bit VGA 
with 256 K, 80 Meg 28 ms RLL hard disk drive, monochrome monitor;
(2). Data translation DT-2801A analog to digital conversion and digital 
I/O  board, by Data Translation;
(3). The software was developed in the Turbo Pascal version 4.0 
environment by Borland International, and the HALO’88 graphics 
library by Media Cybernetics.
The data translation board is capable of performing A/D conversion, D/A 
conversion, digital I/O  transfers, report errors in the operation board, set the period 
of the on-board clock, stop board operations in process, reset some of the board’s 
programmable parameters and perform simple tests on the board. It is a complete 
single board data acquisition system for the IBM Personal Computer, with sixteen 
channels 12-bit A/D, 2 channels 12-bit D/A, on-board microprocessor, IBM PC 
interface, sixteen lines digital I/O, programmable clock and power supply. In this 
system, the user’s signal lines are transmitted to the board via the output connector 
of the screw terminal panel.
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The HALO’88 library displays a collection of high performance graphic 
subroutines that enables the user to create and incorporate sophisticated computer 
generated images. The library encompasses more than two hundred functions which 
eliminate the need to generate the source code needed to implement graphics. 
Using this library, the user can create and develop the image and then control the 
placement, color, and size of that image via an access library. HALO’88 was used 
in the data acquisition and reduction software as the basic graphics source.
The computer program was written in the Turbo Pascal version 4.0 
environment. Turbo Pascal allows for structured programming, closely follows the 
definition of Standard Pascal, and combines the editing, compiling and linking 
capabilities in the same environment.
A directory named CHAMBER, with the data acquisition and reduction 
software is available in the Gateway 2000 PC allocated for the LSU/CALCHAS 
operation.
43.1. Data Acquisition Software
The data acquisition software encompasses five computer programs written 
in Turbo Pascal version 4.0 around the HALO’88 graphics library environment. For 
clarity and considering the software compiler limitation, it was decided to approach
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the consolidation phase and each of the boundary conditions during the penetration 
phase via an independent software, as follows:
(1). Consolidation Phase: CHAMBK0 .EXE;
(2). Penetration Phase:
2.1. Boundary Condition 1: CHAMBC1.EXE;
2.2. Boundary Condition 2: CHAMBC2.EXE;
2.3. Boundary Condition 3: CHAMBC3.EXE;
2.4. Boundary Condition 4: CHAMBC4.EXE.
A general description of the operational steps involved in the consolidation 
and penetration phases can be found in items 2.8. Calibration Chamber Operation, 
4.3. Consolidation Phase, and 4.4. Penetration Phase of this dissertation. The total 
programming involved in the data acquisition software accounts for nearly six 
thousand lines.
43.2. Data Reduction Software
The data reduction software environment is similar to the one used for 
developing the data acquisition software. Clarity and software compiler limitation 
also prompted to develop two distinct plot/printer programs for the consolidation
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and penetration data, as follows:
(1). Consolidation Phase: CHAMBKoP.EXE;
(2). Penetration Phase: CHAMBERP.EXE.
The plotting/printing computer software developed for the consolidation 
phase, program CHAMBKoP.EXE, requires compliance with the following steps:
1. Input of filename for display/plot: This is the filename that was 
generated in the K„ consolidation phase;
2. Selection of graphic to plot: The graphic options horizontal stress 
versus vertical stress and vertical displacement versus time are 
available in the computer screen;
3. Input of pressure transducer range used during testing (psi): The 
pressure ranges of 0 to 30 psi and 0 to 100 psi are available in the 
computer screen window;
4. Option for a print or a plot?: The computer screen displays a Y/N 
option. Choosing Y, it sends the user to a printer hardcopy, and
selecting N, allows for a plotter hardcopy;
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5. Computer screen with graphic to be printed/plotted;
6. Printing/plotting in progress;
7. Press any key to finish printing/plotting.
The computer software developed for the penetration phase, program 
CHAMBERP.EXE, requires conformity to the following steps:
1. Input of filename for display/plot: This is the filename that was 
generated in the penetration phase, under a specific boundary 
condition;
2. Selection of total depth for plotting: Three depths of sounding are 
available as follows: 40 cm, 60 cm and 80 cm;
3. Option for a print or a plot?: The computer screen displays a Y/N 
option. Choosing Y, it sends the user to a printer hardcopy, and 
selecting N, allows for a plotter hardcopy;
4. Computer screen with graphic to be printed/plotted;
5. Printing/plotting in progress;
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The computer programs developed for data reduction account for about 
seventeen hundred lines.
4.4. Test Procedure
The laboratory testing program of the present research is related to the 
preparation and testing of compacted soil samples in the LSU/CALCHAS. The test 





. Panel of Controls Shut-Down and Removal of the Sample.
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A requisite in the present research was the preparation of compacted soil 
samples in such a way to reproduce the maximum dry density and optimum moisture 
content determined with the Proctor compaction test for a specific compaction effort. 
To fulfill this requirement a large dimension automatic tamper and compaction mold 
were designed and fabricated with the following characteristics:
(1) Weight of the sliding hammer (P): Two rod lengths are available, 
leading to the total weights of 65.40 kg (144 lb) and 70.60 kg (155.6 
lb);
(2) Drop height: adjustable;
(3) Volume of compaction mold: 170,000 cm3.
For the same type of soil and compaction technique, using equipment of 
different dimensions should result in acceptable soil characteristics, i.e. similar 
maximum dry density and optimum moisture content, when the compactive efforts 
or the work accomplished in operating the rammer on different soil sample sizes 
are the same. The compaction effort can be estimated as follows (Head, 1984):
E = (P • L * N * n) /  V
where:
E: Compaction effort applied to the soil sample per unit of volume;
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P: Weight of the sliding rammer;
L: Drop height;
N: Number of blows applied to each layer; 
n: Number of layers;
V: Volume of compaction mold
In order to reproduce a specific compactive effort in the large dimension 
automatic tamper developed for this research, adjustments in the drop height, 
number of blows per layer and number of layers have to be made. For instance, 
considering the standard Proctor compactive effort, ASTM D 698-78 recommends 
the following values for the energy equation:
P = 2.49 kg;
L = 305 mm;
N = 56 blows per layer; 
n = 3 layers;
V = 2124 cm3
resulting in
E = 589 kJ/m3
The standard compactive effort can be reproduced with the large dimension 
automatic tamper if the following adjustments are made:
L = 711.2 mm (28 in);
N = 41 blows per layer, when using the 70.64 kg rammer; and, 44
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blows per layer, when using the 65.376 kg rammer; 
n = 5 layers;
resulting in
E = 590 kJ/m \
For other compactive efforts, the same computational method can be used in 
order to determine the modified rammer drop height and the number of blows per 
layer, keeping the number of layers the same.
The first step in sample preparation is to produce an homogeneous soil mass 
with the desired moisture content determined in the compaction test. A mixer with 
capacity of 3.5 ft3 is used for this purpose in this investigation. It is advisable to 
prepare the whole soil sample in series of ten small samples or more, because of 
limitations in mixer capacity. After the compaction mold is fixed to the baseplate 
and the membrane is affixed to its interior, the whole unit is weighed using the 
electronic hanging scale hooked to the two-ton trolley crane. Then the extension 
collar is added to the compaction mold. Vacuum is applied between the compaction 
mold and membrane in order to keep the membrane as flush as possible to the 
compaction mold wall. The next step is to compact the soil sample. Before 
compaction of each soil layer, three samples were taken for determination of 
moisture content. After completion of the compaction of the five soil layers in the 
compaction mold, the extension collar is removed and the sample is trimmed. At 
this stage the compaction mold, sample, baseplate and membrane are weighed again.
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The difference between this measurement and the previous one gives the sample 
weight which allows for the determination of the sample dry density.
Figures 4.13 and 4.15 show various stages of the soil mixing process, 
compaction of the sample, and sample transfer from the compactor baseplate to 
the chamber.
4.42. Chamber Preparation
The first step in sample preparation is to fill completely the piston outer cell 
with water from the reservoir at the control panel. This is done by directing the 
water flow from the reservoir to the piston cell water line via valve A4 and closing 
valve B15 in the control panel. After the outer piston cell is filled with water, any 
air bubbles that might be present shall be removed via the piston cell bleeding valve 
V3. Once the outer piston cell if filled with water and free of any air bubbles, there 
is no need to fill it again for further tests in the LSU/ CALCHAS.
After determining the combined weight of the compaction mold, baseplate, 
membrane and the sample, the whole unit is moved and lowered on top of the 
chamber piston cell. The compaction mold is taken apart, the baseplate is kept as 
the sample bottom plate, the sample top plate is carefully added to the top of the 
sample, and the membrane is fixed to the sample bottom plate and sample top plate
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via two O-rings. The chamber top plate is then carefully lowered into position on 
the top of the sample, and the chamber top plate is fixed to the piston cell ring via 
twelve steel 304 rods with 12.7 mm in diameter tightened at a torque of 70 newton- 
meters (around 60 foot-pounds). Water from the control panel reservoir is then 
introduced into the sample inner and outer cells, filling them completely. Any air 
bubbles that might be present are removed by flushing the chamber water lines and 
opening the bleeding valves VI and V2 at the top of the chamber top plate. At 
this stage, close valve A4. The chamber is then ready for testing.
Various stages of chamber preparation for testing are depicted in Figures 4.15 
and 4.16.
4.43. Consolidation Phase
This phase involves consolidation of the soil sample under zero lateral strain. 
Figure 4.17 illustrates the LSU/CALCHAS control panel configuration developed 
for simulating this situation. The dotted lines represent the inactive part of the 
panel. The electric-pneumatic transducers in the control panel have an offset of 
around 5.6 and 3 psi for the ranges 5.6 to 30 psi (transducers FI and F3) and 3 to 
120 psi (transducers F2 and F4), respectively. Closing valves B ll and B17 and 
opening valves B6 and B13 it is possible to have all the SenSym pressure transducers 
in the control panel at zero pressure. Zero readings are then taken for transducers
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SI, S2, S3, S4 and S5, as well as for the LVDT measuring deformation of the piston 
cell, cone tip and friction sleeve. After opening valves B ll and B17, and closing 
valves B6, B8 and B13, the system is ready for testing.
The computer software developed for this phase, program CHAMBKo.EXE, 
requires compliance with the following steps:
1. Input of filename for K„ consolidation data storage;
2. Laboratory testing information on Ko consolidation phase, as follows: 
soil sample, compactive effort, consolidation stress in psi, sample dry 
density, sample water content and test number;
3. Selection of pressure transducer range: The pressure ranges of 0 to 
30 psi and 0 to 100 psi are available in the computer screen window;
4. Optional use of a default equilibrium pressure: A YES/NO option is 
available. More details about this step is given at the end of this 
section;
5. Selection of electric-pneumatic transducer range: The pressure ranges 
of 6 to 30 psi and 3 to 120 psi are available in the computer screen 
window;
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6. Input of consolidation stress (psi);
7. Computer will flash a screen with graphics which will feature real time
development of cone resistance, local side friction resistance sample
vertical deformation, vertical stress, and horizontal stresses in the 
sample inner and outer cells. This screen is depicted in Figure 4.18;
8. Press any key to finish test.
The equilibrium pressure is the vertical pressure that has to be applied to the 
inner piston cell water in order to equilibrate the pressure generated by the weights 
of sample, sample bottom plate, membrane and inner piston cell. Any pressure 
acting on the inner piston cell water which is higher than this value will cause an 
upward movement, starting the consolidation phase.
The equilibrium pressure can be estimated dividing the total weight by the 
inner piston cell bottom plate area which is 2200 cm2. A default pressure of .21 
kg/cm2 (3 psi) based on a soil sample with 80% of fine sand and 20% of kaolinite, 
compacted at the standard Proctor compaction effort around the optimum water 
content is available in the computer program. If the user’s answer is NO, he opts 
to determine the sample equilibrium pressure via the LSU/CALCHAS control panel. 
In this case, the computer program will read the equilibrium pressure from the 
transducer S4 or S5 and incorporate it into the proper calculations. In this situation,
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before entering the keyboard corresponding to answer NO, the operator should 
adjust the control panel in order to reach the sample equilibrium pressure. It can 
be done by directing the compressed air flow from the air filter to the transducer FI, 
keeping valves B13 and B16 open in the control panel, and controlling the pressure 
in the vertical pressure line via the back pressure regulator BP2. When the sample 
equilibrium pressure is reached, and the sample touches the sample top plate, the 
user should press the keyboard corresponding to answer NO, close valves B3, B13 
and B16, and direct the compressed air flow from the air filter to the E/P transducer 
F1/F2 chosen for testing. At this stage, the computer program will take zero 
readings for all Sensym transducers, cone tip and friction sleeve. These zero 
readings should be taken with the horizontal and vertical pressure lines in the panel 
under zero pressure. This can be accomplished via the back pressure regulators BP1 
and BP2 by closing valves B10/B11, B16/B17, and opening valves B6 and B13 in the 
panel of controls. Immediately after the zero readings are taken and displayed in 
the computer screen, and before going to the next computer screen, the operator 
should close valves B6 and B13, and open valves B10/B11 and B16/B17, in order 
to have the outer sample cell horizontal pressure line and the vertical pressure line 
at the F1/F2 and F3/F4 transducer offsets, respectively.
After completion of the consolidation phase, the sample is ready to be 
penetrated.
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4.4.4. Penetration Phase
4.4.4.I. Boundary Condition 1
Boundary condition 1 requires to penetrate the soil sample under conditions 
of zero lateral and vertical stress increments. A control panel configuration set for 
this boundary condition is portrayed in Figure 4.19, where the dotted lines represent 
the inactive part of the panel.
The first step is to set the Fairchild back pressure regulators BP1 and BP2 
to the vertical and horizontal stress levels attained at the end of the consolidation 
phase, respectively. This can be done by closing valves B6 and B13 and opening 
valves B18 and B19. The desired horizontal and vertical pressures are achieved by 
turning the adjusting screw on the top of the respective pressure regulator. The 
pressure is checked via the Marsh process gauges G4 and G5.
After the back pressure regulators G1 and G2 are set to the consolidation 
horizontal and vertical stress levels, respectively, close valves B7, B ll and B17 on 
the control panel, and the system will be ready for testing.
The computer software developed for this phase, program CHAMBC1.EXE, 
requires compliance with the following steps:
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1. Enter filename for zero readings input: This is the file that was opened 
for zero readings at the consolidation phase;
2. Enter filename for cone data storage;
3. Laboratory testing information on Ko consolidation phase: soil sample, 
compactive effort, boundary condition, consolidation stress, dry density, 
water content and test number;
4. Option to change display setting of CPT: An Y/N option is available. 
Three sounding depths are available: 40 cm, 60 cm and 80 cm;
5. Selection of pressure transducer range: The pressure ranges of 0 to 30 
psi and 0 to 100 psi are available in the computer screen window;
6. Computer will flash a screen with graphics which will feature real 
time development of cone resistance, local side friction resistance, 
sample vertical deformation, vertical stress, horizontal stress in the 
inner sample cell. This screen is depicted in Figure 4.20;
7. Press any key to finish test.
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4.4.42. Boundary Condition 2
Boundary condition 2 refers to a condition of zero vertical and lateral strains 
in the sample during cone penetration. This situation can be accomplished via the 
configuration of the control panel layout shown in Figure 4.21. In this figure, the 
dotted lines represent parts of the panel which are inactive during penetration. For 
this boundary condition, valves B6, B8 and B15 on the control panel shall be in the 
closed position.
The computer software developed for this phase, program CHAMBC2.EXE, 
requires compliance with the following steps:
1. Enter filename for zero readings input: This is the file that was opened 
for zero readings at the consolidation phase;
2. Enter filename for cone data storage;
3. Laboratory testing information on Ko consolidation phase: soil sample, 
compactive effort, boundary condition, consolidation stress, dry density, 
water content and test number;
4. Option to change display setting of CPT: A Y/N option is available. 
Three sounding depths are available: 40 cm, 60 cm and 80 cm;
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5. Selection of pressure transducer range: The pressure ranges of 0 to 30 
psi and 0 to 100 psi are available in the computer screen window;
6. Selection of electric-pneumatic transducer range: The pressure ranges 
of 6 to 30 psi and 3 to 120 psi are available in the computer screen 
window;
7. Computer will flash a screen with graphics which will feature real time 
development of cone resistance, local side friction resistance, vertical 
stress, horizontal stresses in the inner and outer sample cells. This 
screen is depicted in Figure 4.22;
8. Press any key to finish test.
4.4.43. Boundary Condition 3
Boundary condition 3 reflects a state of constant vertical stress and zero 
lateral strain during cone penetration. The control panel configuration adjusted to 
this boundary condition is presented in Figure 4.23, where the dotted lines delineate 
the part of the panel which is inactive during testing. Before starting the test, valves 
B6 and B17 on the control panel shall be in the closed position.
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The computer software developed for this phase, program CHAMBC3.EXE, 
requires compliance with the following steps:
1. Enter filename for zero readings input: This is the file that was opened 
for zero readings at the consolidation phase;
2. Enter filename for cone data storage;
3. Laboratoiy testing information on Ko consolidation phase: soil sample, 
compactive effort, boundary condition, consolidation stress, diy density, 
water content and test number;
4. Option to change display setting of CPT: A Y/N option is available. 
Three sounding depths are available: 40 cm, 60 cm and 80 cm;
5. Selection of pressure transducer range: The pressure ranges of 0 to 30 
psi and 0 to 100 psi are available in the computer screen window;
6. Selection of electric-pneumatic transducer range: The pressure ranges 
of 6 to 30 psi and 3 to 120 psi are available in the computer screen 
window;
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7. Computer will flash a screen with graphics which will feature real time 
development of cone resistance, local side friction resistance, vertical 
stress, horizontal stresses in the inner and outer sample cells. This 
screen is depicted in Figure 4.24;
8. Press any key to finish test.
4.4.4.4. Boundary Condition 4
Boundary condition 4 demands to penetrate the soil sample under zero 
vertical strain and constant lateral stress. Figure 4.25 introduces the control panel 
configuration layout set for this boundary condition, where the dotted lines 
represents parts of the panel which are inactive during testing. Before starting the 
test, valves B7, B ll and B15 shall be placed in the closed position.
The computer software developed for this phase, program CHAMBC4.EXE, 
requires compliance with the following steps:
1. Enter filename for zero readings input: This is the file that was opened 
for zero readings at the consolidation phase;
2. Enter filename for cone data storage;
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3. Laboratory testing information on Ko consolidation phase: soil sample, 
compactive effort, boundary condition, consolidation stress, dry density, 
water content and test number;
4. Option to change display setting of CPT: A Y/N option is available. 
Three sounding depths are available: 40 cm, 60 cm and 80 cm;
5. Selection of pressure transducer range: The pressure ranges of 0 to 30 
psi and 0 to 100 psi are available in the computer screen window;
6. Computer will flash a screen with graphics which will feature real 
time development of cone resistance, local side friction resistance, 
vertical stress, horizontal stress in the inner sample cell; This screen 
is depicted in Figure 4.26;
7. Press any key to finish test.
4.4.5. Control Panel Shut-Down and Removal of the Sample
After completion of the penetration phase, the three water lines of the 
chamber must be disconnected via the quick-connectors Cl, C2 and C3, isolating the 
chamber from the control panel.
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To shut off the control panel, disconnect the compressed air line at the 
bottom of the panel, turn off the computer system and open valves B6 and B13 
carefully. This will bring the panel pressure lines to zero.
To remove the sample from the chamber, carefully open the bleeding valves 
VI and V2 at the top of the chamber. When pressures in the inner and outer 
sample cells are atmospheric, dismantle the chucking system, dismount the cone 
penetrometer and chamber top plate, drain the water from the inner and outer cells, 
move the inner and outer sampler cell walls to the floor using the one-ton crane 
installed in the upper beam, remove the sample top plate, strip out the membrane, 
assemble the split compaction mold onto the sample and piston cell top plate, move 
the sample from the chamber frame to the floor using the two-ton trolley crane, 
take apart the split compaction mold and sample bottom plate, and finally dispose 
of the sample.
4.5. Laboratoiy Test Results
The laboratory testing program of this investigation envisaged the 
development of a calibration chamber system (LSU/CALCHAS) capable of 
performing cone penetration tests in compacted soil samples, under specified 
boundary restraints. A large dimension compactor fabricated for sample preparation 
and a chamber servo panel which enables computer controlled execution of cone
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This section describes the experimental work carried out for the verification 
of the laboratory testing equipment. An artificially prepared mixture of 80% of fine 
sand and 20% of kaolinite in dry weight was used in all laboratory tests. The tests 
performed can be divided in two subsections, namely traditional laboratory tests and 
calibration chamber tests.
4.5.1. Traditional Laboratory Tests
Traditional laboratory tests were conducted on a mixture of 80% of fine sand 
and 20% of kaolinite in dry weight. The sand and kaolinite used in this research 
were furnished by the Feldspar Corporation from Edgar, Florida. The sand is a 
"Glass-Grade" type, with mean grain diameter between .425 and .106 mm (sieves 
#40 and #140, respectively) obtained from a sedimentary deposit in Florida. The 
kaolinite is regarded to be the fruit of eolic transportation from the mountains of 
North Carolina. After excavation of the deposits in Edgar, the sand and kaolinite 
are processed and packaged in 50 lb. sacks.
Atterberg limits performed on the soil mixture resulted in liquid limit of 25% 
and plastic limit of 18% (plastic index of 7). Compaction tests on the mixture 
performed at the Standard Proctor Compactive Effort resulted in optimum moisture
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content of 10.9% and maximum dry density of 18.48 kN/m3 (117.65 lb/cu ft). 
Figures 4.27 to 4.29 depict the sieve analyses performed on the sand, kaolinite and 
sand-kaolinite mixture. Figure 4.30 shows Standard and Modified Proctor 
compaction tests performed in the sand-kaolinite mixture.
4.5.2. Calibration Chamber Tests
The LSU/CALCHAS is capable of consolidating soil samples under Ko 
condition and simulating the four traditional boundary conditions commonly referred 
in the literature, i.e. BC1, BC2, BC3 and BC4, during the penetration phase.
In the calibration chamber tests, the mixture of 80% of fine sand and 20% 
kaolinite was compacted to reproduce the maximum dry density and optimum water 
content of the Standard Proctor Compaction Effort. After compaction, the soil 
sample was consolidated at Ko state under a vertical stress of 30 psi, before 
penetration. Considering that in the LSU/CALCHAS the capability of simulating 
boundary conditions 1 and 3 implies automatically in the possibility of reproducing 
boundary conditions 2 and 4, the penetration phase tests were conducted under BC1 
and BC3, exclusively.
A virgin cone penetration test was attempted in the completed soil sample in 
order to verify the final stage of development of the data acquisition software. For
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this test, the sample was consolidated at 68.9 kPa (10 psi) and then penetrated under 
BC1. The consolidation phase was performed via eight stress increments applied for 
600 seconds each, totaling 4800 seconds. Readings were taken at each 10 seconds 
increments. However, because of unintentional measurement errors in the vertical 
stress and cumulative time during the consolidation phase, this preliminary phase 
data are not discussed in the text, but only shown in Appendix 4 for demonstrative 
purposes. After final adjustments in the software structure were completed, the 
same soil sample was consolidated at the vertical stress 207 kPa (30 psi) and then 
penetrated two additional times (at different entry locations) under boundary 
conditions 1 and 3, respectively. The location coordinates of the cone penetration 
tests performed in the soil sample are displayed in Figure 4.31.
The compaction, Ko consolidation and penetration phases are discussed in the 
next subsections.
4.5.2.I. Sample Compaction
The Standard Compaction Proctor characteristics of the sand-kaolinite mixture 
is depicted in Figure 4.30, and can be summarized as follows:
. Optimum Moisture Content = 10.9%
. Maximum Dry Density = 18.46 kN/m3 (117.65 lb/cu ft)
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In an attempt to simulate the Standard Proctor Compaction Effort, the sand- 
kaolinite mixture was compacted using the large dimension automatic tamper 
designed and fabricated for this research. The soil sample was compacted in five 
lifts of 15.8 cm (6.22 in) each, adopting a rammer drop height of 71.12 cm (28 in). 
Limitations in the ceiling height of the LSU Geotechnical Laboratory required the 
last three layers to be compacted using a shorter rammer rod. Therefore, the first 
two sample layers were compacted with a rammer weight of 70.64 kg (155.6 lb) and 
the last three layers with a rammer weight of 65.37 kg (144 lb), resulting in 41 blows 
for the first two and 44 blows for the last three soil layers to keep the compaction 
effort consistent.
The moisture content of the soil sample (w) was determined from three 
samples taken from each soil layer, resulting in an average value of 11.46%. Table 
5 shows the pertinent sample moisture content data. It should be indicated that the 
sand-kaolinite mixture was purposely prepared at a water content around 11.7%, 
expecting that this higher water content could take into account possible loss due to 
the ambient conditions in the laboratory and the time required for mixing and 
compacting the soil sample. This presumption came out to be partially true, but the 
average sample water content resulted to be somewhat higher than the ideal 
optimum moisture content determined in the Standard Proctor Test.
The sample dry density (nfd) was determined as follows:
. Total weight (sample, former, membrane, sample bottom plate): Wt
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Wt = 502.85 kg (1107.60 lb)
. Weight of former, membrane and sample bottom plate: W,
Wt = 152.50 kg (336 lb)
. Sample volume: V = 170,000 cm3 
. Sample dry density: (7 d)
7d = ((Wt - W,)/(l+w))/(V)
% = 18.14 kN/m3 (115.57 lb/ cu ft).
The sample water content of 11.46% is higher than the expected optimum 
moisture content of 10.9%, consequently resulting in a dry density of 18.13 kN/m3 
which is slightly lower than the anticipated sample maximum dry density of 18.46 
kN/m3. However, from Figure 4.30, Standard Proctor Test, at a water content of
11.46% it gives a dry density of 18.29 kN/m3. If it is considered that this dry density 
translates only .87% higher than the target dry density (%, = 18.13 kN/m3), it can 
safely be assumed that the compaction phase of the present research was satisfactory.
4J522. Consolidation Phase
The soil sample was consolidated under condition at the vertical stress 
level of 207 kPa (30 psi). Ten stress increments were applied during the 
consolidation process. Each stress increment lasted for 30 seconds, totalling a 
sample consolidation time of 300 seconds. For each stress increment, a reading was
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taken at the very beginning, followed by three more readings at intervals of 10 
seconds between two consecutive readings.
During the consolidation phase, the vertical stresses applied to the sample, 
the generated horizontal stresses and the vertical sample deformations were truly 
recorded. This data was used in the determination of the Ko value and the modulus 
of vertical compression of the soil sample.
Figures 4.32 and 4.33 show, respectively, the applied vertical stress versus 
generated horizontal stress and sample vertical deformation versus time relationships 
developed during the consolidation phase. Figure 4.32 introduces the Ko ratios 
generated during the consolidation phase. It seems that a Ko value of 25  can be 
associated to the sample consolidation phase.
Figure 4.34 depicts the evolution of vertical and horizontal stresses with time 
during the consolidation phase. A question concerning the shape of the stress curves 
could be raised. It would be expected that the applied vertical stress increments 
should generate increases in the stress curves in the vertical direction with time. 
However, this is not deduced in Figure 4.34. Apart from the response time required 
by the LSU/CALCHAS in order to change the horizontal stresses due to 
incremental increases in the applied vertical stress, the true stress-time relationship 
in the system shows in fact movement in the vertical direction when a vertical stress 
increment is applied to the soil sample. This unrealistic pattern of the stress-time
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curves depicted in Figure 4.34 is due to the way the data acquisition software 
developed for the consolidation phase handles its task. Immediately after the 
software has sent a vertical stress increment signal to the control panel via a D/A 
conversion, readings are taken from all electric transducers involved in the 
penetration phase via A/D conversions. A delay of 1 seconds is introduced in order 
to allow for the LSU/CALCHAS response time. After this delay, a new reading is 
taken from the sample inner cell pressure line via transducer S2/S3 and, 
instantaneously, this impulse is sent to the outer cell pressure line via a D/A 
conversion in order to keep the sample inner and outer cell at the same pressure, 
i.e. to maintain the sample under K„ state. Ten seconds after the first set of 
readings are taken from the system and stored in the consolidation phase file, a new 
set of readings are also taken and stored. This procedure attempts to keep the 
consolidation phase file in a manageable size. The time between consecutive 
readings, presently 10 seconds, can be changed as a function of the soil type being 
tested. Therefore, the procedure adopted for the software development generates 
an unreal evolution of the consolidation phase stress curves when plotted against 
time. However, this fact does not affect the integrity of the measured data, because 
the deformation, vertical and horizontal stresses readings are always taken at the 
same time. Same explanation applies to the sample deformation versus time curve 
depicted in Figure 4.33.
The development of the horizontal stresses in the sample inner and outer cell 
can be also addressed in Figure 4.34. This figure shows that the outer cell has an
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initial pressure offset, and only after around 160 seconds the inner and outer cell 
show a close increase on the horizontal stresses. It could be argued that this 
situation does not represent the hypothesized double flexible wall chamber behavior 
during the K„ consolidation, i.e. the inner and outer cell to be kept under the same 
pressure in order to allow for an average zero lateral strain situation. However, if 
it is taken into account that for all situations where the pressure in the inner cell is 
lower than the pressure in the outer cell it will implies a condition of zero lateral 
strain, it is possible to conclude that the calibration chamber actually works as 
postulated.
Figure 4.35 depicts the variation of the measured vertical stresses plotted 
against vertical strain for the compacted soil sample. The shape of the curve is 
relatively uniform, suggesting a mathematically related expression. A polynomial 
equation of third order is used in order to estimate the sample stress-strain 
relationship, as follows:
crv = A„ + A,*e + Aj’e2 + A ,V
where
<7V: measured vertical effective stress (kPa); 
e: sample vertical strain 
A„, A„ Aa, A4: constants.
The fitted stress-strain relationship is also plotted in Figure 4.35 as a solid 
line, and it closely follows the experimental data points.
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The modulus of vertical compression (M0) is the slope of the stress-strain 
curve at any given point. It is clear that the slope of the stress-strain curve increases 
with increasing vertical stress. Therefore, it can be expected that M0 is not constant. 
The modulus of compression can be estimated from the fitted stress-strain 
relationship, as follows:
M0 = da/de = A, + 2‘A /e  + 3*Aa*«2
Figure 4.36 depicts the estimated compression modulus M0 versus the
measured vertical stress of the compacted sand-kaolinite mixture.
4J5J23. Penetration Phase
The LSU/CALCHAS has capability of performing computer-controlled cone 
penetration tests under boundary conditions 1 and 3 which automatically indicates 
its competence for executing penetration tests under boundary conditions 2 and 4 
also. Boundary conditions 1 and 3 were chosen for penetrating the compacted soil 
samples.
Two cone penetration tests were performed in the same soil sample, but at 
different entry locations, as depicted in Figure 4.31. The standard penetration rate
of 2 cm/sec. was utilized in the penetration phase, and readings were taken and
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stored in the penetration phase file for each second of penetration.
4 J J 3 .1 . Boundary Condition 3
After the soil sample was consolidated at 207 kPa, it was penetrated under 
boundary condition 3. Figures 4.37 and 4.38 display test results of a CPT performed 
at entry location 1.
Figure 4.37 introduces cone and friction sleeve resistance, and friction ratio. 
The sudden decrease in cone resistance showed at some penetration depths in this 
figure can be attributed to the layered character of the compacted soil sample, and 
to limitations in the chucking system used. The chucking system has a stroke of only 
15 cm (6 in.), requiring at least five strokes for a complete penetration of the soil 
sample, which is 78.9 cm high. During penetration, the chucking system applies a 
grabbing force to the cone push rod in order to advance the cone into the soil 
sample. In the penetration position, at each stroke, the chucking sleeve containing 
the grabbing jaws should be able to move freely from the bottom of the push rod to 
the next upper grabbing position. However, it appears that a grabbing occurs at the 
beginning of the up movement, somewhat reducing the mobilized cone resistance at 
that point. This problem can be solved by a chucking system capable of penetrating
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the soil sample in one single unique stroke. Such a system has been already 
implemented and added to the LSU/CALCHAS. However, present limitations on 
its hydraulic pump capacity is such that it is not possible to keep the standard 
penetration rate of 2 cm/sec. Also, the soil sample was compacted in five layers 
15.78 cm thick. It could be expected that the resulting layered system would be 
responsible for an irregular evolution of the mobilized cone penetration resistance 
with depth. This expectation came to be true when considering cone resistance; 
however, as depicted in Figure 4.37, the local side friction resistance presented a 
regular development with depth, and the friction ratio resulted in an almost constant 
value. After 52 cm, the effect of the rigid bottom boundary generated by the sample 
bottom plate appears to be dominant in the cone penetration resistance. Cone 
penetration resistance and friction ratio came out as expected (qc = 130 kg/cm2, f, 
= .6 kg/cm2, FR = .75%), considering that the soil mixture is predominantly a 
compacted fine sand.
Figure 4.38 shows the progress of the vertical and horizontal stresses with 
penetration depth, for boundary condition 3. From this figure it is evident that a 
condition of constant vertical stress during penetration is attained. It can be also 
acceptable the condition of zero lateral strain, taking into account the similar 
development of the horizontal stresses in the inner and outer sample cells with 
penetration depth. However, it was reported the small difference of 2 kPa between 
the values of the horizontal stress on the sample inner and outer cell lines, at the 
end of penetration. An explanation could reside in the fact that the horizontal
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stress readings from the sample inner and outer cell lines are taken only milliseconds 
apart, not allowing for a complete response of the compensation pressure system 
adopted in the LSU/CALCHAS. Therefore, there is not enough time for fully 
mobilizing the system response in order to keep both lines truly at the same 
pressure. The difference of 2 kPa can be considered acceptable for testing purposes.
4£J23J2. Boundary Condition 1
After performing penetration of the soil sample under boundary condition 3 
at position 1, the penetration set up was moved to position 2 on the top plate, and 
a new test was executed under boundary condition 1 in the same soil sample. 
Figures 4.39 and 4.40 display the test results.
Data from Figure 4.39 confirm the grabbing system problem referred in the 
previous cone penetration test. It is also evident that the influence of the layered 
system on cone penetration resistance is more accentuated on cone than on local 
side friction resistance. This fact could stress the importance of cone resistance for 
the development of correlations between cone penetration resistance and properties 
such as CBR, dry density and water content.
Figure 4.40 shows the progress of the vertical and horizontal stresses with 
penetration depth. An analysis of the test results shows that the hypothesized
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
174
condition of constant vertical and horizontal stresses can be considered acceptable, 
since both vertical and horizontal show clearly a constant development with 
penetration depth.
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Table 4.1. Compacted Soil Sample Water Content (three determinations 
for each soil layer)
LAYER 
(Bottom to Top) 1
WATER CONTENT (%) 
2 3 AVERAGE
1 10.80 11.00 11.20 11.00
2 11.76 11.19 11.31 11.42
3 11.81 12.10 11.50 11.80
4 11.46 11.45 11.88 11.60
5 11.21 11.62 11.67 11.50
. SAMPLE AVERAGE WATER CONTENT: 10.46%
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Figure 4.2. Details of the LSU/CALCHAS
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Figure 4.3. Schematic of the LSU/CALCHAS Control Panel
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Figure 4.4. Details of the LSU/CALCHAS Control Panel
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Figure 4.5. Details of the Laboratory MQSC and Its Calibration Set Up
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Figure 4.6. Details of Laboratory Calibration of MQSC
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Figure 4.7. Details of the Hydraulics, Push Jack and Grabbing System
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Figure 4.8. Details of the New Hydraulic System (79 cm stroke)
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Figure 4.9. Cross-Section of the Large Dimension Automatic Tamper
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Figure 4.10. Details of the LSU/CALCHAS Automatic Tamper and Compaction 
Mold
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Figure 4.11. Details of the LSU/CALCHAS Depth Measurement System
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Figure 4.12. Details of the LSU/CALCHAS Auxiliary Systems
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Figure 4.13. Details of the Soil Mixing and Compaction Processes
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Figure 4.14. Details of the Soil Sample After Compaction, Before and After 
Trimming
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Figure 4.15. Details of Sample Movement from Compactor to Top of Chamber 
Piston Cell
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Figure 4.16. Details of Preparation of Calibration Chamber for the Penetration 
Phase
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4.18. Computer Screen for K„ Consolidation
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Figure 4.20. Computer Screen for Penetration Phase: Boundary condition 1




































- t - e -
cs
-i—0 -
s ”  In" 9 ” t " t” *
r  0» ' y  i  f " I 11
(I) BB ‘ I
il
AW
V A T t * ■Mh
(pBlS
B3 C3




A> 3-WAY BALL VALVE 
Bi ON-OFF BALL VALVE 
C* QUICK-CONNECTOR 
BP> FAIRCHILD BACK PRESSURE REGULATOR (BPt,S> 2-150PS1)
Ft FAIRCHILD E /P  TRANSDUCER CFl,3i 6 -3 0  PSIl F2,4t 3 -120  PSI) 
&  MARSH PROCESS PRESSURE GAUGE <G1.2.3,4,S> 0-100 PSD 





. m o  VERTICAL STMDf 
. m o  LATERAL SIRAM
SCHEMATIC LAYDUT DF LSU'S  CALIBRATION CHAMBER SYSTEM
VO
198
P e n e t r a t i o n  P h a s e  Me asu r emen t s  (BC2)
Tip Rtf. (Kg/at1) Fs (Kg/cn*> Signa Hi(kPa) Signa Ho(kPa) SigwU(kPa) i i  i  i  a a d i i ) * s o id a a a a p id a a a a i m u
Figure 4.22. Computer Screen for Penetration Phase: Boundary condition 2
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lip Res, (Kg/cn*! Fi (Kg/cnM Signa Hi(kPi) S iw  Ho(VPa) Si*a U(kPa) 









Figure 4.24. Computer Screen for Penetration Phase: Boundary condition 3
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Figure 4.26. Computer Screen for Penetration Phase: Boundary condition 4
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Figure 4.27. Sieve Analysis: Kaolinite
















Figure 4.28. Sieve Analysis: Fine sand
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Figure 4.29. Sieve Analysis: Mixture of 80% of fine sand and 20% of kaolinite













































Figure 4.30. Standard and Modified Proctor Compaction Test Results: Mixture of 
80% of fine sand and 20% of kaolinite









Figure 431. Position of Penetration Tests Performed in the Soil Sample
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Figure 432. K„ Consolidation Data: Vertical stress versus horizontal stress
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Figure 433. K* Consolidation Data: Sample vertical deformation versus time
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Figure 4.34. K„ Consolidation Data: Evolution of vertical and horizontal stresses 
with time
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Figure 4.35. Sample Vertical Stress versus Sample Vertical Strain During K„ 
Consolidation
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Figure 436. Modulus of Compressibility (M0): consolidation
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Figure 437. LSU/CALCHAS CPT Profile: CPT at boundary condition 3








































Figure 4.38. Evolution of Sample Vertical and Horizontal Stresses During 
Penetration: Boundary condition 3
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Figure 439. LSU/CALCHAS CPT Profile: CPT at boundary condition 1
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Figure 4.40. Evolution of Sample Vertical and Horizontal Stresses During 
Penetration: Boundary condition 1
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CHAPTER 5
SUMMARY OF RESULTS/ACCOMPLISHMENTS 
AND RECOMMENDATION FOR FUTURE RESEARCH
5.1. Introduction
This chapter summarizes the results and accomplishments of this investigation. 
In addition, it suggests implementations which could improve the overall 
performance of the LSU/CALCHAS, and highlights areas for future 
research.
217
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5.2. Summary of Results/Accomplishments of this Investigation
5.2.1. Field Testing Program
(1) The MQSC, 10 and 15 cm2 cone penetrometers generated similar 
trends of cone resistance, local side friction resistance and friction ratio 
with penetration depth.
(2) Analysis of plots of cone penetration resistance versus penetration 
depth, considering each site individually and all sites pooled in a large 
file, suggested following observations:
Existence of scale effects between the MQSC & 15 cm2 
penetrometer’s local side friction resistance and the reference 
penetrometer’s local side friction resistance;
Existence of scale effects between the MQSC’s cone resistance 
and the reference penetrometer’s cone resistance;
From an engineering point of view, there is no significant 
difference between the 15 cm2 and the reference penetrometer’s 
cone resistance and friction ratio.
(3) Inferences about difference between the MQSC & 15 cm2 and the 
reference penetrometers data (matched large samples, a risk controlled
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.001 level when *v/i, = 0) indicate differences in the cone resistance, 
local side friction resistance and friction ratio’s population means, 
suggesting the existence of scale effects.
(4) Simple linear regression equations can be used to correct the MQSC 
& 15 cm2’s local side friction resistance and friction ratio, and the 
MQSC’s cone resistance to the reference cone penetration resistance. 
Section 3.5 specifies regression equations for this purpose. The 
MQSC’s local side friction resistance and friction ratio should be 
corrected via linear regression equations considering two ranges of 
cone resistance: (1) soils with cone resistance equal or smaller than 
80 kg/cm2, and (2) soils with cone resistance higher than 80 kg/cm2.
(5) A multiplying factor of .85 could also be used to correct the MQSC’s 
cone resistance in order to obtain the reference penetrometer’s cone 
resistance.
(6) A division factor of .85 could also be used to correct the 15 cm2 
penetrometer’s local side friction resistance in order to obtain the 
reference penetrometer’s local side friction resistance.
(7) The higher capability of small size cones to capture more of the soil 
profile variability than large size cone penetrometers, as depicted in
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Figure 3.14 is evident.
220
(8) The influence of different cone end area ratios on cone resistance 
was addressed in this investigation, considering sounding performed 
with the MQSC, the reference cone penetrometer and the 15 cm2 
Fugro dual-piezocone penetrometer at the Big River Industries site. 
The analysis was based on the assumption that cone penetrometers 
of different dimensions generate similar excess pore pressure 
distribution during soil penetration. The study permitted to conclude 
that different cone end area ratios do not affect significantly the 
measured cone resistance. However, this conclusion can be biased by 
the relative shallow depth sounded (9 m) and type of soil penetrated 
(soft clay) which generated relatively low excess pore pressure. Further 
verification of the validity of the preliminary hypothesis that cone 
penetrometers with different dimensions could generate similar excess 
pore pressure distribution during cone penetration would be essential. 
Future research encompassing different types of soils and piezocone 
dimensions is recommended to clarify this topic.
(9) The influence of wear of cone tip and friction sleeve on cone resistance 
was also addressed in this research. MQSC tests were performed at 
the Iowa (natural ground) site using a brand new cone tip and friction 
sleeve and a 1000 m penetration depth cone tip and friction sleeve.
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Examination of the test results indicated that the MQSC with the 
brand new cone tip and friction sleeve gave lower friction ratio, cone 
and local side friction resistance than the same cone penetrometer 
with a tip and friction sleeve exposed to 1000 m of penetration. A 
cylindrical wear pattern of the cone friction sleeve was detected in 
opposition to a previous conical wear pattern reported by Jekel (1988). 
Considering the contradictory conclusion about the influence of wear 
of cone tip and friction sleeve by Jekel, and taking into account 
limitations on the number of sounding and Held sites investigated in 
this research, it would be advisable to study this topic further.
5.2.2. Laboratory Testing Program
(1) The large dimension automatic tamper designed, fabricated and 
implemented in this research for sample preparation proved to be a 
valuable piece of equipment for reproducing the standard Proctor 
compaction effort. Considering the satisfactory performance of the 
equation depicted in Section 4.4.1. to represent the work done in 
operating the rammer of the automatic tamper at the standard Proctor 
compaction effort, it could be anticipated that this equation would also 
give satisfactory results for other compactive efforts.
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(2) The depth measurement system developed for the laboratory cone 
penetration phase of this research proved to be reliable for measuring 
precise depth of cone penetration.
(3) The laboratory sample consolidation phase of this study resulted in a 
well defined K0 line, as expected. A K„ of .25 can be associated to the 
compacted/consolidated sand-kaolinite mixture.
(4) The hydraulics and chucking system used in this research showed an 
overall satisfactory performance. However, when in the penetration 
mode, the grabbing system seems to introduce some grabbing force 
in the up movement to the next cone rod grabbing sequence. This 
grabbing force somewhat diminishes the mobilized cone resistance, and 
generates a sudden drop in cone resistance when starting the new 
penetration step. Therefore, in future penetration tests at the 
LSU/CALCHAS, it would be advisable to use the new hydraulics and 
chucking system developed in this research for penetrating the soil 
sample in one stroke.
(5) The LSU/CALCHAS cone penetration resistance profile confirmed the 
characteristic profile obtained in previous calibration chamber 
worldwide tests. Three distinct sections can be visualized from the 
cone penetration resistance measurements. The upper and lower
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portion of the profile clearly reflects the close proximity of the top and 
bottom plates, respectively; the middle section, except for the influence 
of the grabbing system, shows an almost constant cone penetration 
resistance.
(6) From the consolidation and penetration phase tests performed in this 
research, it was possible to conclude that the compensation pressure 
system used between the sample inner cell and sample outer cell was 
accurate enough for testing purpose.
(7) Cone penetration tests performed in the soil sample at boundary 
condition 1 illustrated the satisfactory performance of the Fairchild 
model 10 BF back pressure regulator on keeping the vertical and 
horizontal stresses constant during cone penetration.
53 . Implementation of the LSU/CALCHAS
With the LSU/CALCHAS developed and made operational, it is hoped that 
future researchers will concentrate not only on using but also on implementing 
further modifications to the system. It is our understanding that the priority topics 
for implementation of the LSU/CALCHAS are, as follows:
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(1) Design and construction of a reaction frame that could allow for the 
testing of the 10 and 15 cm2 cone penetrometers in the 
LSU/CALCHAS;
(2) Introduction of other techniques for sample preparation, namely 
pluviation for sands and preconsolidation for clays;
(3) Addition of capability for saturating cohesionless soil samples, and 
pore pressure measurement during the consolidation and penetration 
phases along the sample cross-section.
5.4. Recommendation for Future Research
Based on the results of this investigation and on the suggested 
implementations of LSU/CALCHAS, following topics are recommended for future 
studies:
(1) Influence of different cone end area ratio on cone resistance: This
theme was briefly addressed in the field testing program of this 
investigation. Conclusion about this question suggested that further 
study encompassing a field testing program with different types of soils 
and piezocone dimensions would be undertaken in order to clarify this
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subject.
(2) Influence of wear of cone tip and friction sleeve on cone resistance: 
This topic was also briefly covered in the field testing program of this 
investigation. Conclusions reached on this subject suggest that a field 
testing program should be undertaken in order to improve our 
understanding on this theme. Different sandy soils and cone diameters 
should be considered in this program of study. Implementation of 
LSU/CALCHAS with a stronger reaction frame would provide an ideal 
tool for developing a similar test program under laboratory controlled 
conditions.
(3) A laboratory testing program encompassing MQSC penetration of 
compacted soil samples in the LSU/CALCHAS would be implemented 
in order to develop empirical correlations between cone penetration 
resistance and soil parameters of interest to road and highway design 
and construction: maximum dry density, water content and California 
Bearing Ratio. Different soil types, consolidation pressures, 
compactive efforts and lift thickness should be considered in the study.
(4) Introduction of capability of obtaining pluviated sand and 
preconsolidated clay samples in the LSU/CALCHAS would give the 
versatility required to study topics such as: effect of cementation on
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cone resistance on sands, consolidation aspects of soft soils during cone 
penetration, scale effect on sands at high levels of overburden pressure.
(5) From a bearing capacity perspective, scale effects could become an 
important issue in the study of cone penetration resistance of layered 
systems. This is because enlarged cone tips would be expected to 
increase the number of layers influencing the soil resistance in the path 
of the penetrometer.
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CHAPTER 6
CONCLUSIONS
A laboratory testing program is in progress at the Louisiana State University 
to examine the existence of scale effects among the cone penetrometers investigated 
in this research. A fully computerized calibration set up, the Louisiana State 
University Calibration Chamber System (LSU/CALCHAS), housing a sample .53 m 
in diameter and .79 m in height which permits the simulation of the K„ consolidation 
and the four traditional penetration boundary conditions is already operational.
The field testing program was directed to the estimation of the scale effect 
between the MQSC and 15 cm2 penetrometers and the reference penetrometer. The 
analysis of the field data permitted to draw the following conclusions:
(1) The MQSC, the reference 10 cm2 and the 15 cm2 cone penetrometers
227
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generate similar trends of cone resistance, local side friction resistance 
and friction ratio with penetration depth;
(2) Inferences about difference between the MQSC, 15 cm2 and the 
reference penetrometers’ population means (matched large samples) 
support the existence of scale effect.
(3) Linear regression equations are furnished for proper cross-correlation. 
Scale effects on cone resistance do not seem to be dependent on soil 
type. On the contrary, considering the local side friction resistance and 
friction ratio of the MQSC and the reference penetrometer, the level 
of scale effect increases with increase on cone resistance. Therefore, 
it is recommended that the statistical evaluation of the local side 
friction resistance and friction ratio performance of the MQSC 
considers two ranges: (1) soils with qc equal to or smaller than 80 
kg/cm2, and (2) soils with qc higher than 80 kg/cm2.
(4) Analyses of the CPT data suggest that a multiplication factor of 0.85 
can be effectively used to correct the cone resistance of the MQSC to 
reference penetrometer scale. A division factor of .85 can also be 
effectively used to correct the local side friction resistance of the 15 
cm2 penetrometer to reference scale.
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(5) From a practical engineering point of view, there is no significant 
difference between the cone resistance and friction ratio obtained by 
the 15 cm2 and the reference penetrometers.
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h -S ilu  Cone Penetration Test R e s #








ttDaaffa: FcU IaSo| ItafBC II a0 Rite Ctae FaAindff
* lx L }k  H * W W f i i * M / t o > N /  ISUDOS O i e / f e : t t - f r - B O / t Z ^ n
M tD :F 5 K A S I BbmBcb/QT: Ifenn/ (Mm
timh ;
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h - S tu  Cone Penetration le s t  Result









M D aofb : H  fab)Prtf® I m2ftifa CaM mcttr 
Jfclnfo/lii: H ^ W n d ftln taatl^ ta ih ge/ [SDK K e/T a: t l - H B / t y o
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i-S ilii Cone Penetration Test
Td  R e s s i i t e  ( K g /S p i]  
v  b  »  a t  I 1 2 " J
J L
JtDoajfa: FcHTabgR̂ bc6 ob2(rida Ck  Pntafar 
Utah0b: ISU007
MeD: FM/VM
> ' 5 ;
i ,
t





















M e / r * : M - M / i 5 * n  
M b /A T : I t H  M a n
U$_ LSD CM Enqineerinq Geotechricd Research Revecpts
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In-Situ Cone Penetration l e s t  Result
Friction (Ko/Sgon) Rotiofs)









Mi D e s f f a i : M la & j t o f *  5  « 2  B k fa  t e e  f o t a b r  
LrfB0i&: tî ind bad ŝialaei]̂ a ISUOB Mt/fa: 1HHB/ ftp
M e D :  R jO E A S O  O n t a / E I ! : U n /  IM n s
iwh ;
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I T
M D e a r h :  F d d I t A j t a f « t f i o 3 I n f o C o e f a d m d f f  
ik\tMk fyMMfjMml)jMxihal ISUOOS 
M t D :  F U K A  3D 
hub:
_ _ _ _ _ _ LSD Civil Engineering Geotechracol Research
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M Daoffin: Tab) IhfK fi aQ RiAi Ok IMaodff
k i r i n / I k  f t y M W ( j t n f a a l ^ t t a i k y /  LSBB Mt/fib : M - W / M * b
M e  D : F15K/Y 30 E t a b / H :  Wo m /  U t a
kab:
k /H  LSD C H  Engineering Geotechnical Research_ _ _ _ _ _ _ R evests
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h - S tu  Cone Penetration le s t  Result
j/S q c m ) Friction {Kq/Sqcm) Rotiofx)





J A D w f t h :  W I t s ^ f t o j m 0 a 2 F r i c t a i C m P n e h n i d f f  
Job Locdian/Ha: i l f h j  S n i p  ( E i r t a f a r i ) / l - 0 M  LSJ001 
MxD: F5K/K52
f> - - 1 . ,
■BOB»
LSI! M  Engineering Geotechnicd Research
N t/T n e : IM M B /M O ®  
Q a i b n / d l : lU n in / Ittnan
Reveqits
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tn -S tu  Cone Penetration le s t  Result
Friction (Kg/Soon] R diofi)







t t D U f f a :  M l  IriqtopitB a d  f i i c f a  t a t t o o  
to Isotalk. M f t y S a n p f f l t a M W  LSUDEB 
M e D :  F SX E /V SB
Imfa:
_ _ _ _ _ _ _ LSI) M  Engineering Geotechnicol Resetrch
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QdmBsi/IIT : (ttnon/ IHm
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h - S t u  Cone
Friction (Kq/Sqcm)
I T
it\atolk  l ic E h y S n p (M o fa n o t] / I - I I^ A /  13J003 
tabeD: FSOC/V52 
t a b :
_ _ _ _ _ _ LSD Civil Engineering Geotechnicol Research
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■§i £ L
i-S itu  Cone Penetration l e s t  Result
f f )  R e s b t r c t  f ^ S q a n ) Friction (Kq/Socm)








_ h _ _
S . . . .  tfT — „i







M  D a o f 6 a n : Hdd Teshg IhfK f )  cn2  FirGn Cine h n e tn n e te r 
U f l i j  S w p / t - B j t o /  LSU0O4 
MkD: F5KAH 
finds:
_ _ _ _ _ _ _ LSD C i  Engineering Geotechnjcol Resetrch
Oie/Tne: M-BJ/1% 
W i n / l l :  lUnon/ IHron
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In-Situ Cone
f y  R a l i n c t  ( ^ S p )
I T
M D a o p f a i :  P d l e s & q f t i f c I c b 2 F r i c f a C a n e F e n e f r a n d e r  
Ht\Kfnjk, U f l v S n f A - l j l V  LSUDC5
Mk D: F5K/YH
■ >. .n o !
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In-Situ Cone Penetrotion le s t  Result
Jtb t e a p f a i : FrU I ts frg  f to y m : 15 cm2 Friction Cone Penetrometer 
Jd) L o d i o i / l k  U tfisy S r a p / t - t y J l /  LSUX7 O flte/T ne: I H H f f l / M t a i
MkD: FM/V3I7 DewBon/OI: UHran/ Ufam
feraia:
ac/ui_ _ _ _ _ _ _ _ _ LSU Civil Engineering Geotechnicol Reseorch_ _ _ _ _ _ _ Reveqits







In-Situ Cone Penetration le s t  Result
Friction (Kg/Sqcm)







Job Oesaplion: Fidi Procure 6  cm2 Frtfim C m  Penrfromeltr 
Jab Locdion/Ha: Ut&oy S w p / h l l / U /  LSJ006 
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In-Situ Cone Penetration le s t  Result
f t  Resistance (Kc/Sqcm) Friction (Kg/Sqan)
ii i i  i { m i l t
ACflL
Jd> D e sap S an : Fidd les& ij iYogran: B  m 2  FiicGon C n  f lw t r m e ta  
Job Loatian/No: I k f h y  S n r p / i - t ^ /  LSU008 
FVotx D : F M / V 3 1 7  
brots:
_ _ _ _ _ _ _ LSD Civil Engineering Geotechnicol Research
! I
±
D evdBon/dT:  I H n o n /  U r b a n
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i-S tu  Cone
Friction (Kg/Sqcm)
tt>  DesopG on: f l t i  T s& g  t o f r o  C  m 3  Fiicfion Cene P a e tre u tc r  
J b  LeaG tn/N a: llcEhy S m p A -O A A / LSUOOS 
Me D: F750EA 317
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ttJL
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i b  L w & r/N o : I l f t y  S m j / f - t j l V  LSUDD 
Mk D: FM/V317
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f c
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POIi'T RESISTANCE a 
. . <*>0 f r i c t i o n
RATIO
X
30oPENETRATIONriu SLEEVE F R IC T IO N  t
20
25
R E S U L T  OF CONE P E N E T R A T I O N  TEST
JOB NUMBER' 03«2 
CONE NUMBER* 
LOCATION*
SROUND SURFACE ELEV.' 0 .0  FEET 
OEFTH TO GROUNDWATER* 0 .0  FEET 
DATE' JAN SOBIO.RIVER INDUSTRIES
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
POINT RESISTANCE a
. . >00. . . 100 . 400




R E S U L T  OF CDNE P E N E T R A T I O N  T E S T
JOB NUMBER' 0JE2 
CONE NUMBERI 
LOCATION*
GROUND SURFACE ELEV.' 0 .0  FEET 
DEPTH TO OROUNDVATENi 0 .0  PEET 
DATE' JAN SOBIC RIVER INDUSTRIES
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rOINT RESISTANCE a tOO
PENETRATION
FEET SLEEVE m iC T I O N  f
20
23
R E S U L T  OF CONE P E N E T R A T I O N  TEST
JOB NUMBER' 0382 
CONE NUMBER' 
LOCATION*
CROUND SURFACE ELEV.' 0 .0  FEET 
OEPTH TO CROUNOWATEIti 0 .0  FEET 
DATE' JAN COBIO RIVER INDUSTRIES
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F03NT RE-5 3 STANCE a 100 KSF F R IC T IO N  
RATIO 
t . ' l  S
300 400PENETRATION




R ESULT OF CDNE P E N E 7 R A T I D N  T E S T
JOB NUMBER' 0302 
CONE HUMBER' 
LOCATION'
OROUNQ SURFACE ELEV.' 0 .0  FEET 
9EPTH TO GROUNDWATER' 0 .0  FEET 
DATE' JAN SOHIGHLAND ROAD
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F03NT RESISTANCE a 
, 100 300PENETRATION
FEET SLEEVE FRICTION t
20
20
R E S U L T  OF CDNE P ENETRATION TES T
JOB NUMBER' 03S2 
CONE NUMBER! 
LOCATION'
GROUND SURFACE ELEV.' 0 .0  FEET 
□EFTH TO CROUNOVATERi 0 .0  FEET 
DATE' JAN 00HIGHLAND ROAD
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POINT RESISTANCE a 
100 300 400




R E S U L T  OF CDNE P E N E T R A T IO N  TEST 
53
GROUND SURFACE ELEV.1 0 .0  FEET 
DEPTH TO GROUNDWATER* 0 .0  FEET 
HICHLAND ROAD DATE1 JAN 80
JOB NUMBER' 0302 
CONE NUMBER* 
LOCATION*
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F03NT RESISTANCE a 100 400
SLEEVE F R IC T IO N  1
20
23
RESULT OF CONE P E N E T R A T I O N  T E S T
JOB NUMBER' 0342 
CONE NUMBERI 
LOCATION*
5RDUND SURFACE ELEY.1 0 .0  FEET 
OEFTM TO GROUNDWATER■ 0 .0  FEET 
DATE1 JAN 90I OVA




. . '00 300 400
SLEEVE r R I C T t a N  f
20
23
RESULT OF CONE P E N E T R A T IO N  T E S T
JOB NUMBER' 0362 
CONE NUMBER• 
LOCATION*
3R0UND SURFACE ELEV.' 0 .0  FEET 
DEPTH TO GROUNDWATER* 0 .0  FEET 
DATE* JAN 00IOWA
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.








RE SULT OF CDNE P E N E T R A T I O N  T E S T
JOB NUMBER' 03E2 
CONE NUtlBERi 
LOCATION*
CRtJUND SURFACE ELEV.< 0 .0  FEET 
OEFTH TO GROUNDWATER* 0 .0  FEET 
DATE* JAN 00IOWA
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POINT RESISTANCE a 




SLEEVE F R IC T IO N  1 kst
20
25
RE SULT OF CDNE PENETF.ATIDN T E S T
CROUND SURFACE ELEV.> 0 .0  FEET 
OEPTM TO OROUNOWATERi 0 .0  FEET 
DATE' JAN SO
JOB HUFCER' 0362 
CONE NUnSERi 
LOCATION' II0/H1CHLAND ROAD








RESULT OF CDNE P E N E T R A T I O N  T E S T
CROUND SURFACE ELEV.> 0 .0  FEET 
OEFTH TO OROUNOWATERi 0 .0  FEET 
DATE> UAN 80
JCS NUK9ER' 0362 
CONE NUMBERi 
LOCATION* 110/HICHLAND ROAD
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rOiHT RESISTANCE a l&OPENETRATION
FEET SLEEVE FRICTION f KSF
20
23
R E S U L T  DF CDNE P E N E T R A T I O N  T E S T
GROUND SURFACE ELEV.' 0 -0  FEET 
DEPTH TO GROUNDWATER* 0 .0  FEET 
DATE' JAN 90
JOB NUMBER' 0382 
CONE NUMBER' 
LOCATION) IIO/HICHLAND ROAD
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PCINT RESISTANCE a 100 300 400




R ESULT OF CDNE P E N E T R A T I D N  TEST
JOB NUMBER' 0962 
CONE NUMBER' 
LOCATION'
OROUND SURFACE ELEV.' 0 .0  FEET 
DEPTH TO OROUNOWATERi 0 .0  FEET 
DATE' JAN 00H.ELROY SVAHP
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RESULT OF CONE P E N E T R A T I D N  TEST 
02
JOB NUMBER- 0302 
CONE NUMBER■ 
LOCATION-
GROUND SURFACE ELEV.- 0-0  FEET 
OEFTH TO GROUNDWATER- 0 .0  FEET 
GATE- JAN 90N«ELROr SWAMP
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R E S U L T  OF CONE P E N E T R A T I O N  T E S T
JOB NUMBER' 03E2 
CONE NUMBER' 
LOCATION'
OROUHD SURFACE ELEV.' 0 .0  FEET 
DEPTH TO OROUNOWATERi 0 .0  PEET 
DATE' JAN 00HtELROY SWAMP
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Fie l d  Te s t in g  Program: Ca l ib r a t io n  Da ta
307










0 31 -15 0 0
5.04 39 -4 0.6300 0.4582 8 11
10.04 48 7 0.5906 0.4564 17 22
15.02 58 19 0.5563 0.4418 27 34
20.06 68 30 0.5422 0.4458 37 45
44.86 117 88 0.5216 0.4355 86 103
AVERAGE: 0.5681 0.4475
CONSTANT 0.5303 0.4384
INITIAL: ••• - '-T e;













0 ' 10 20 30 40
LOAD, lbs 
□  TIP «  SLEEVE














0 33 47 • P 0 0
5.04 23 36 -0.5040 -0 .4582 -1 0 -11
10.04 14 25 -0.5284 -0 .4564 -1 9 -22
15.02 3 13 -0.5007 -0 .4418 -3 0 -34
20.06 -7 1 -0.5015 -0.4361 -4 0 -4 6
44.86 -5 2 -53 -0.5278 -0 .4486 -85 -100
AVERAGE: -0.5125 -0 .4482
CONSTANT -0.5213 -0.4465
INITIAL: 36 51












LOAD, lb s  
n  TIP «  SLEEVE












0 5 0 4010 20
LOAD'
O ACTUAL REAOINGS , —  REGRESSION
10/19/89
CONE # 0011












LOAD, t i l
o  ACTUAL READINGS   REGRESSION
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eb d  I  McClelland
C A L I B R A T I O N  D A T A  C O N E  
Type F7.SCKE2W/V
gQV
C p l l b r a t i c n  b y  n o rm
Cone loadcell 














Sleeve area 200 cm2 Zero
Ranee 1 75 kN FSO
Range 2 0 kN FS0‘Range 3 0 kN FSOEenge 4 0 kN FSO
Pressure test at 2.5 MPa
Load limit 150 fc
Cal. factor 806
Cal. factor 0Cal. lector 0Cal. factor 0
Load limit 150 i
Cal. factor 809Cal. factor 0Cel . fectcr 0Cal. factor 0
63.5 =V
800.0 e V 
0.0 e V 0.0 riV 
0 .0  m7
Output cone 30.4 uV Output sleeve (or C+K) 31.6 mV
Fore pressure transducer no.l
Brand KISTLER Type 4045A50 Serial number 274440Zero 25.0 mV Max pressure 12.5 MPa
Range 1 2.5 MFa FSO 473.0 mV
Range 2 0.0 MPa FSO 0.0 mV
Range 3 0.0 MPa FSO 0.0 mV
Cal. factor 473 
Cal. factor 0 
Cal. factor 0
Pore pressure transducer no .2
Erand KISTLER Type 4045A50 Serial number 111868Zero -19.0 mV Max pressure 12.5 MFa
Range 1 2.5 MPa
Range 2 0.0 MPa




482.0 mV 0.0 mV 
0.0 mV
Slone sensor 
Number E50-11 Zero 43 mV
Cal. factor 492 












25860 30680 35 degrees 715 anV
Remarks
CAL FACTOR FRICTION ON 333
Calibrated by FOGApproved by
Date 16-05-89
Date -ol
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.kN No load output.. - I _mV
Range 2: lop itN fso; <6?iA___mV.
Range 3:________kN FSO:_________mV.
Range 4:________kN FSO:_________mV.
Cal factor; Q lg Ree. range:—1V_ 
Cal factor: j3l£y_Rae. range:—«LY_
Cal factor:______Rec. range:---------
Cal factor:______Rec. range:---------
CONE 4 SLEEVE LOADCELL
Sleeve aw; ISO ma Load limit:__lOQ.
Range 1; So ItN FSO:_JLLCt__mV.
Range 2:_LfiQ__kN FSO:. i fc-AO___mV.
Range 3:_______kN FSO:__________mV.
Ranged:_______kN FSO:___________mV.
No load output: —»V-kN
Cal faetnr; 8lO Rac. range 








Range 1: Rec. range
Range 2: Cal factor 
Calfactor Rec. rangebar. FSO
SLOPE SENSOR
Serial number: g go. n_______
Range:—So____degr. FSO; SOS
Output O' I B* I 10*
Output at 
.vertical__ 4 -U o _mV
I5 155
 mV. Eal factor; SoS Rac Range:_li/1
1S* 20* a s *  30*
4SO BIp 36© mV
REMARKS
XfiJ Ear POif.T.nW r̂ tAwlkiet. nwi y)S~■
Calibrated by: HLH
ieo*m
. Date:.LS/i /Bfl.. Approved hy: Ul^n Data: .fB/f/flfl.
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- t  i ty j )  n.V
_1Q-
Ifi
. | g n .
 0,1 ,.*r/v>nfc
<»5 *






Q*PP M«. +* .0 0 ?.
oc/Uo«Ai; oo—~ T* |Sq ,
P n w iw  h Iw w
0.6*!* / S o k H . .  QMlni*
-2c_





- * o  c ^ .  4 o
. a n *
. • c
<a/b39.
L . h £ H  u r * j
■CIEPtiriBftS LcH£ tiLEti ShOPg a»MV»g..
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CALIBRATION DATA TYPE T J A C H B / V  5 1
CONE LOADCELL 









_kN No load output—0,0------mV
Cal factor: Rec. range:------LV----














P R O ; m V
_ kN No load output: if 2,0 mV
Cal factor:_̂ S4_Rac. range:
Cal factor:_5S4_Rec. range:___2V____
Cal factor:______Rec. range:--------------










Serial number: S' -Ffo -11 
Range:__£q____degr. FSO:.
Output at 
.vertical__ A id . _mV











REMARKS vflcfeg TCira-iot-i CHannfZ. OH—
Calibrated by: Approved by:. Data:
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IB R D
P E N E T R O M E T E R  T I P  D A T A  TYPE N R.: T ^ S W t C / v '  ~V
Output otaaio toad 
Output at max. load 
Input w H w iin  
Output rcMBtnw 
•ridpa auppty voitaga 
»*«.brW |»iup.woh. 
Met. toad
T a n p m i f i  m f f i c to t  
Effect of wtRfpttwM v 
Cafferotton accuracy
cant toadceu friction toodcail
♦  1 , 0  K.U
V E A K O M l£ - A a c i------- P  I S O  - 1
UMI L M i l b i a w H O  ... 1
r j f i A--------- f y u .  r*w
1 5 0  NU
o  M .  [ iV / u H i f r A 1 1  ^ f l / / w / n f r  
4 j 2 « 6
- <  e ^ S _______%
Oana toad aftact on friction 
W ewpmaure e a t  
Cone b an  oma 
Mopa aanaor number 
Comparnatton box
f i n 4 . 5  ... m ta r
- T 3 " m
N ew  : ^ e a t^ A M D F C
Dr»w*w« r^firincw  p  £ 1  _  . . . .
General famarfct : -  .
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CALIBRATION DATA T re  j \ f  a i a
CONE LOADCELL
-IS cm* Load limit: ISO
kN FSO: *̂ 4C mV







—kN No load output. +.15,̂  mV
Cal factor:Ĵ &£_Rec. range:___4 V__
Cal factor: Ĵ 6SLRec. range:___2$L___
Cat factor:______Rec. range:—________
Cal factor:______Rec. range:__________
CONE ♦ SLEEVE LOADCELL 
Sleave area:_2flQ_cm2 









_  kN  N o  lo ad  o u tp u t :  ■ iX  1 , 2 -  mV 










Range I: bar. FSO Rec. range:
Calfactor
Cal factor: Rac. range
SLOPE SENSOR
Serial number:















REMARKS -CAL. TflC-TBB—•FBir-T.ô  fm
Calibrated by: tiLD . Date: fo  /ftw Approved by:. Data:
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PENETROMETER TIP DATA T V P E N R . :T ^ .B C * tE /V  3 > l8
OuMutPtaarofoad 
Output at max. trad  
Input rarictanoa 
Output raaiaanca 
M p  aupply veltaga 








* 1 .1 ,1  « v U M I. L O i i a lA M M A
ID
i ^ o  a n I C f t  am
< e . S , , % ____< a S _____ %
Cana load affact on friction 
Watarpraaaura v a t 
Cana baccara*
Mepa aanaor numbar 
Camparaation bon
O n OiU bH ilM M h
■ J
* - I n  ♦ A o  V
m o !» ./•>
Nam. H i i . G n i  M si i t M n e i . .
Orawtng rafaiancaa * r a a  -
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CALIBRATION DATA TYPE F > S  O C g  Z W , . ^  - 2 . 0 6 ,
CONE LOADCELL
Base area:__ 15___.cm2
Range 1: ..1 ^5 ___ kN FSO
R an g e? : kN FSO
Range 3: kN FSO
Range 4 : _ ... . kN FSO
Load lim it:____IS O ___ kN No load output.. -  t l . _mV




Cat fac to r:. 





CONE + SLEEVE LOADCELL 
Sleeve area:_2AQ.cm2 
Range 1 : _ Z | S _ k N
Load lim it:___ 15Q No load output:__~  D . "b _mV
Range 2 :. 











.mV. Cal factor: S o S  Rac. range: I  \ / .
.mV. Cal factor:_______ Rac. range:
.mV. Cal fa c to r: Rac range: ___
.m V. Cal factor:________Rac. range:___  _
PORE PRESSURE TRANSDUCER 3 J T  (  SLEt'OEj 
Type: ^ O U S ^ S f )  Serial number:__I I I  b * J ? Output 0 bar:- -mV
Range: , . 5 0 . bar. FSO
Range 1:__2 5 _bar. FSO
Range 2: bar. FSO
Range 3: bar. FSO
_________ mV. Bum  pressure:__ 125L bar.
C |8 " j. mV. Cal factor: U^Tj Rec. range:___ l..Vf.
_________ mV. Cal factor:_______Rec. range:  ______
_________ mV. Cai factor:_______Rec. range:_______
PORE PRESSURE TRANSDUCER ^  C i«  -FAc.t=) 
Type: A  SQ  Serial number:___ UJ-b-!} b Output 0 bar:. -  n . b mV
Range:. .bar. FSO
Rangel:__2 *2 ____ bar. FSO
Range 2 :_________ bar. FSO
Range 3 :_________ bar. FSO
_mV. Bum  pretanre: 19 5  bar.
4 8 0 ^  mV. Cal factor: 0 8 g  Rec. range:___ I V .
_________ mV. Cal factor:_______ Rec. range:________










.mV. Cal factor:_BSO _R ec Range:— Z L. 
IS* 20* 1 IB* 30*_______degrees
4ST. b?0 I 'ttZ- ^ 6
m V
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REPARATIEKAART CONUS TYPE 2 W j . f r / \ Z ~ 2 .0 6
Conui a lkom ttig  w an. 
Omtchnjving s to n n g . .
.  D atum : Opdr. no. R aparatiakaari n o .;
Mag. . 
E lac t., ■13-bkg.
CONUS C O N D IT IE lIJS T  V O O R REPARATIE EN K A UBRATIE
1. lio la titw etrstan d  m im m aal 5  x 10* o h m ;.
2. O ndardtlan  k rom
AA NKRUISEN
FO UT
3. O ndard tlan  b ttch ad ig d  of d iam tttrs  ta  klein
4 . S ch tduw affact o f tx c tn tn c i te i t
5. S ltk k trv tfb in d m g
6 . Klaafm aaloop ■ . ..  % to n p u n tla s t
7. N ulptim  gflnm  S 5  H \ /  :BM »iltroiM n
8. N ulpunt k l tc t  (of C + K l i b u i l W  ; S t f t ik  k l « t  (o f  C * K I_  S l A  r v t t / .
9 . N ulpunt d fu k o p iw rw r ; Baraik d rukopncm ar
10. N ulpunt hailingm atar ; Baraik hatling
11. Varbinding tu u a n  kabal an co n u i, irunoaring
12. C om pam atie doos
B ijto n d tfh ad tn  a n  o o rta a k  d afac t/sto ring ; ___      ..................
GOED
v e r v a n g e n  o n d e r d e l e n
A f ita l Aantal N um m ar Aantal
M antel R ekctrookfti Quadring
Punt B tdrading 0  -ring
V e rittrk e rh u ii A antlu itkabel 0  • ring
A a n ilu i ts tu k K o p  pairing 0  - ring
A ansiuitpijp C onnector 0  • ring
Hailingm atar V crttarkar t 0  • ring
D rukopnam erhouoer D rukopn tm er
F ilta rttaan
B ijionderheden:.
CO N U SG ER EPA R EE R D  EN H E R IJK T: N A A M . DATUM
N ulpunt co n u i _
N utpunt klcaf (of C*K >^rr.Q , 
N ulpunt d rukopnem er 
K lea lm ttlo o p   ......... —
; Baraik c o n u i --------
_  _  ..     a .
r n  wn/ 
iMTi
; e . r t i k  k le t l  (o( O K I  




to n  p u n t ln t
D ruktest ^ n n c  *1M h  i v V  D ruktcst klee* I O K .  — ■ H . S  
Orukopnemcr ly p i  ■ ■ B eretk . oat B u n t p ra t.; . , , .
  B ilionoerh tocn
HELLINGMETER 
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APPENDIX 3
Laboratory Te s t i n g Pr o g r a m: Ca l i b r a t i o n Data
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CALIBRATION OF LVDT
( LVDT No. 0 1 1 4 2  )
R 2  =  .9 9 9 9


















CALIBRATION OF PRESSURE TRANSDUCER
CHAMBER OUTER CELL TRANSDUCER (0 -  30 PSI)
30
R 2  -  .9 9 9 7
























CALIBRATION OF PRESSURE TRANSDUCER
CHAMBER INNER CELL TRANSDUCER (0 -  30 PSI)
30
R 2  m  . 9 9 9 4
PRESSURE(PSI) -  —6 .2 8 8 2  +  5 .9 2 1 8 3 9  •  VOLTAGE (VOLTS)
25 -
i f )



























CALIBRATION OF PRESSURE TRANSDUCER
CHAMBER INNER CELL TRANSDUCER (0 -  100 PSI)
90
R 2  - .9 9 9 9
PRE33U RE(PSI) -  - 1 9 .7 3 3 3  +  1 9 .9 7 4 1 2  •  VOLTAGE fVOLTS) M
80 X






























CALIBRATION OF PRESSURE TRANSDUCER




R 2  -  .9 9 9 3




























































CALIBRATION OF ELECTRO-PNEUMATIC TRANSDUCER
PISTON CELL TRANSDUCER (5.6  -  30 PSI)
35
R 2  -  . 9 9 9 7
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Calibration Chamber Te s t: Experimental Phase
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M/Mms
127 Sqcm Cone Penetration fest: Ko Consolidation
&
H orizonfd S tress (ItPa) 
Wimple: Uihre ol 80i fne snl md 20« ol koo&ite
C m podicn  t f l o r t  S ta tdvd  Procter D ote/T m e 0 6 -0 9 -B 9 0 /1 t4 5 a n
Consoidotion Stress (WHj); 68.9 S a rf le  Dry Densly (kN/m3): B .H
le s t  k i r i w ;  LSUOOO^ipffTnenld ( t e e  Sanfle Voter Content (s): 112
______________ JMI &ui Snyiimimp hddmal tJlmd,____________ QmU
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- s ' 40
I S V / C M i S
111 Sqcm Cone Penetration Test: Penetration Phase
Cone R esistance (K g /S q cm )
0 00 160 H O  320
Friction (K g/S qcm ) R diofz)
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S o iS a i f l e  I f ih r e  of 80x of f n e  Sand and 20x of K a M e
Compaction Effort: S t m W f t o c l o r  D o te /T n e  06-09- 1900/  33! ^
B oinkry Conifticn: BC1 S a t j k  Dry Dertsfty (kN/m3): B .H
I d  N u r tx r  LSUOOO/Eipfffnertd Phase 5#  V i a  t o t a l  f t  1120
1M  S i n t  & i y n urny htidm al &uaU_ _ _ _ _ _ _











121 Sqm  Cone Penetration M  Ko Consolidation
5
3
» r ^ m
Soi Sarple: U x h ie  of 80x fine a n d  and 20x of
Compodion E ffo rt S tm lx il  Proctor Date/Tme: 0 6 -0 9 -S 9 0 /1 t4 S a n
fa tso iM io ri S tress (kPa) 8L9 S a if ie  [ ty  Oensty (kN/m3): E H
l e s t M n t e r .  LSUOOO/Bqwimentd Phase S q J e  Voter t o t a l  (» ) 1U
M fiw t C ngtnuw ia h»Umd l & m d  C h m L
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( P le a s e ,  s e e  back p o ck et)
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